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Abstract
Inorganic alternating current electroluminescent devices (AC-ELs) are known for their
ruggedness and extreme long-term reliability, which is why they can often been found
in industrial and medical equipment as well as in applications in the military sector. In
contrast to the inorganic phosphors used in AC-ELs, organic materials offer a number
of advantages, in particular a significantly higher efficiency, easier processibility, and a
wide selection of emitter materials spanning the entire visible spectrum. Several efforts
towards alternating current driven organic light-emitting devices have recently been
made, however, important operating mechanism are still not well understood.
In the first part of this theses, alternating current driven, capacitively coupled, pin-
based organic light-emitting devices are investigated with respect to the influence of the
thickness of the insulating layer and the intrinsic organic layer on the driving voltage. A
three-capacitor model is employed to predict the basic behavior of the devices and good
agreement with the experimental values is found. The proposed charge regeneration
mechanism based on Zener tunneling is studied in terms of field strength across the
intrinsic organic layers. A remarkable consistency between the measured field strength
at the onset point of light emission (3–3.1 MV/cm) and the theoretically predicted
breakdown field strength of around 3 MV/cm is obtained. The latter value represents
the field required for Zener tunneling in wide band gap organic materials according to
Fowler-Nordheim theory. In a second step, asymmetric driving of capacitively coupled
OLEDs is investigated. It is found that different voltages and/or pulse lengths for positive
and negative half-cycle lead to significant improvements in terms of brightness and device
efficiency.
Part two of this work demonstrates a device concept for highly efficient organic
light-emitting devices whose emission color can be easily adjusted from, e.g., deep-blue
through cold-white and warm-white to saturated yellow. The presented approach ex-
ploits the different polarities of the positive and negative half-cycles of an alternating
current driving signal to independently address a fluorescent blue emission unit and a
phosphorescent yellow emission unit vertically stacked on top of each other. The elec-
trode design is optimized for simple fabrication and driving and allows for two-terminal
operation by a single source. The presented approach for color-tunable OLEDs is versa-
tile in terms of emitter combinations and meets application requirements by providing a
high device efficiency of 36.2 lm/W, a color rendering index of 82 at application relevant
brightness levels of 1000 cd/m2, and warm-white emission color coordinates.
The final part demonstrates an approach for full-color OLED pixels that are fabricated
by vertical stacking of a red-, green-, and blue-emitting unit. Each unit can be addressed
separately which allows to efficiently generate every color that is a superposition of
spectra of the individual emission units. The device is built in a top-emission geometry
which is highly desirable for display fabrication as the pixel can be directly deposited onto
the back-plane electronics. Furthermore, the presented device design requires only three
independently addressable electrodes which simplifies fabrication and electrical driving.
The electrical performance of each individual unit is on par with standard pin single
emission unit OLEDs, showing very low leakage currents and achieving high brightness
levels at moderate voltages of around 3–4 V.
Kurzdarstellung
Anorganische, mit Wechselspannung betriebene, elektrolumineszente Bauelemente sind
bekannt für ihre Robustheit und außerordentliche Langzeitstabilität und werden daher
oft im industriellen, medizinischen und militärischen Sektor eingesetzt. Im Gegensatz
zum anorganischen Phosphor, der in diesen Bauelementen zum Einsatz kommt, bieten
organische Materialien eine Reihe von Vorzügen, u.a. eine höhere Effizienz, einfachere
Prozessierbarkeit, sowie eine breite Palette an Emittermaterialien, die den gesamten
sichtbaren Spektralbereich abdecken. In vielen Veröffentlichungen der letzten Jahre wur-
den erfolgreich verschiedene Konzepte für wechselspannungsgetriebene, organische licht-
emittierende Bauelemente (OLEDs) vorgestellt, jedoch gibt es für diese nur wenige Un-
tersuchungen zu den grundlegenden Funktionsmechanismen.
Im Rahmen dieser Arbeit werden zunächst mit Wechselspannung betriebene, kapazitiv
gekoppelte, auf dem pin-Prinzip basierende, organische lichtemittierende Bauelemente
untersucht. Der Fokus liegt dabei insbesondere auf der Abhängigkeit der Betriebsspan-
nung von den Dicken der Isolatorschichten sowie den intrinsischen Organikschichten.
Ein Modell zur Vorhersage des grundlegenden Verhaltens der Bauelemente wird en-
twickelt, welches im Verlauf der Untersuchung eine sehr gute Deckung mit den experi-
mentell gewonnenen Daten zeigt. Der Mechanismus zur Ladungsträgerregeneration, bei
dem es sich vermutlich um einen Zener-Tunnelprozess handelt, wird hinsichtlich der
Feldstärke über den intrinsischen organischen Schichten untersucht und es kann eine be-
merkenswerte Übereinstimmung zwischen der gemessenen Feldstärke am Einsatzpunkt
der Lichtemission (3–3,1 MV/cm) und der theoretisch vorhergesagten Durchbruchsfeld-
stärke von etwa 3 MV/cm festgestellt werden. Letzterer Wert beschreibt die Feldstärke,
die nach Fowler-Nordheim-Theorie für einen Zener-Tunnelprozess in organischen Hal-
bleitern mit großer Bandlücke benötigt wird. Den Abschluss der Untersuchung von ka-
pazitiv gekoppelten OLEDs in dieser Arbeit bilden Experimente mit asymmetrischen
Spannungssignalen. In diesen zeigt sich, dass sowohl die Helligkeit als auch die Effizienz
der untersuchten Proben verbessert werden kann, wenn unterschiedliche Spannungen
und/oder Pulslängen für die positive und negative Halbwelle benutzt werden.
Im zweiten Teil dieser Arbeit wird ein neuartiges Konzept für ein hocheffizientes OLED
Design vorgestellt, welches es ermöglicht, auf einfache Art und Weise die Farbe des emit-
tierten Lichts kontinuierlich ändern, beispielsweise von tiefblau über kalt- und warmweiß
bis hin zu gelb. Der hier vorgestellte Ansatz nutzt die unterschiedlichen Polaritäten der
positiven und negativen Halbwellen eines Wechselspannungssignals um eine blaue und
eine gelbe Emissionseinheit unabhängig voneinander anzusteuern. Die Anordnung der
Elektroden wird für einen einfachen Herstellungsprozess optimiert und erlaubt weiter-
hin die Regelung des Bauelementes mit nur einer Spannungsquelle. Das hier entwickelte
Konzept erreicht eine Leistungseffizienz von 36,2 lm/W und einen Farbwiedergabeindex
von 82 bei einer anwendungsrelevanten Helligkeit von 1000 cd/m2 unter Emission von
warmweißem Licht.
Abschließend wird das in Teil zwei vorgestellte OLED Design um eine weitere Emis-
sionseinheit erweitert und besteht nun also aus drei Untereinheiten, die im vorliegenden
Fall rotes, grünes und blaues Licht emittieren. Jede Untereinheit kann unabhängig von
den beiden anderen Einheiten angesteuert werden, d.h. jede Farbe, die aus einer Super-
position dieser drei Einzelfarben besteht, kann dargestellt werden. Zum Betrieb werden
lediglich drei Elektroden benötigt, was sowohl die Prozessierung als auch die elektrische
Ansteuerung erheblich vereinfacht. Die Bauelemente werden in einer top-emittierenden
Geometrie gefertigt, d.h. sie emittieren das Licht vom Substrat weg. Dieses Verhalten
ist insbesondere in der Display-Herstellung erwünscht, da ein top-emittierender OLED
Pixel direkt auf die (lichtundurchlässige) CMOS Ansteuerelektronik aufgebracht werden
kann. Obwohl es sich hier um ein System von drei aufeinander gestapelter Einzel-OLEDs
handelt, sind die elektrischen und optischen Charakteristiken jeder Untereinheit vergle-
ichbar mit pin-basierten OLEDs, welche nur eine einzelne Emissionseinheit besitzen.
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List of Important Abbreviations
This chapter lists frequently used abbreviations, constants or physical quantities. Value
not often used, are explained right after their occurrence. Other abbreviation might only
be explained in the figure caption.
AC alternating current
CIE Commission Internationale d’Eclairage
CRI color rendering index
DC direct current
EBL electron blocking layer
EL electroluminescence
EML emission layer
ETL electron transport layer
EQE external quantum efficiency
eV electron volt
~ Planck constant divided by 2π
HBL hole blocking layer
HOMO highest occupied molecular orbital
HTL hole transport layer
ITO indium tin oxide
K dielectric constant
LE luminous efficacy
LUMO lowest unoccupied molecular orbital
OLED organic light-emitting diode
PL photoluminescence
S0 molecular ground state
S1 first excited singlet state
T1 first excited triplet state
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However, in terms of efficiency and lifetime at illumination relevant brightness levels
(5000 cd/m2), OLED based lighting is still behind its inorganic LED based competitor.
For display application, on the other hand, requiring a much lower luminance level of only
around 400 cd/m2, OLED lifetimes in excess of 35000 hours have already been demon-
strated in commercially available products [5]. Judging from the dramatic improvements
in terms of lifetime and lower fabrication costs over the past decade, a mass-market entry
of OLED lighting might already be possible within the next years.
Motivation
Conventional OLED devices are usually driven with a direct current (DC) signal. The
electricity grid, however, provides AC power with a frequency of 50/60 Hz which means
an AC-to-DC power converter is necessary in order to power a DC-OLED device directly
from the main grid. Driving schemes using a time-varying signal are, on the other hand,
highly attractive, offering more possibilities to interact with a device. By applying the
appropriate circuitry, the emission color and intensity of a light source can be controlled
during device operation, for example, to switch between cold-white illumination for pro-
ductive work environments and warm-white light to create a more relaxing atmosphere
(cf. Fig. 1.2). The reliable real-time tunability of the emission color of an OLED would
impart further momentum to OLED technology on its way to becoming a widespread
source of general illumination.
www.simplyummy.com
www.luxtralighting.com
Figure 1.2: Cold-white illumination in an office (left) and warm-white illumination for generating
a soft and relaxing atmosphere (right).
Thus far, reports on AC driven OLEDs demonstrate relatively modest efficiencies,
especially for capaciticely coupled AC-OLEDs, operating fully insulated without charge
injection from external electrodes. Based on previous work in this field, several param-
eters important for driving an AC-OLED will be studied in more detail. Using these
results, a highly efficient color tunable OLED device is demonstrated suitable for inte-
gration into lighting applications. Based on the color tunable OLED design, a superior
pixel architecture for display applications is demonstrated in the last part of this thesis,
using a vertically stacked system consisting of three independently controllable OLED
units. The presented system provides low driving voltage, a top-emission geometry that




A brief introduction to organic semiconductor theory, physical quantification of light,
and basic OLED device concepts is provided in Chapter 2. Within Chapter 3, details
concerning the experimental part of this work are given. This includes an overview of
materials used for sample fabrication, a description of the fabrication process itself, as
well as an introduction to device characterization techniques. Chapters 4, 5, and 6 present
the main results of this work, starting in Chapter 4 with fundamental investigations of
critical device parameters for an efficient driving of capacitively coupled, AC operated
OLEDs (AC-OLEDs) and the introduction of a novel device concept for generating
white light by high-frequency alternating emission from two separated emission units
of different color. Chapter 5 introduces an improved device architecture based on AC-
OLEDs which — in order to increase the amount of available charge carriers for light
emission — allows for charge injection from external electrodes. These so-called AC/DC
OLEDs comprise two emission units stacked on top of each other, providing light emission
during both half-cycles of an AC signal. The electrode design of these devices allows
for independent addressing of each emission unit and therefore enables color tuning
by modifying the shape of the AC wave form. This color tuning approach is studied
for different emitter combinations in order to obtain a highly efficient system for the
emission of white light. Finally, Chapter 6 presents an extension of the AC/DC OLED
design in which three independently addressable OLED units, providing red, green, and
blue emission, are stacked on top of each other. This RGB full-color configuration is
investigated concerning its applicability in display applications, since a stacked subpixel
geometry provides several advantages over the conventional side-by-side fabrication of
red-, green-, and blue-emitting subpixel stripes.
3

2 Fundamentals and Device
Concepts
This chapter provides a basic understanding of fundamental processes and device con-
cepts necessary for conducting this thesis. Section 2.1 begins with a short introduction to
molecular orbital theory for the description of the conjugated π-system – the foundation
for the observed semiconducting character in organic molecular solids. After the elec-
tronic states of a molecule have been derived from theory, the optical transitions between
these states are discussed, which is particularly important for material classes associated
with light emission. The first section closes with some basic considerations concerning the
mechanisms behind molecular doping, charge injection, and charge transport in organic
layers. As the investigated devices in this thesis emit light of various colors, the topic of
Sec. 2.2 will be the description of electromagnetic radiation, the perception of colors by a
human observer, as well as a short discussion of important parameters to quantify white
light emission. Section 2.3 briefly explains the highly efficient pin-OLED concept which
is also the basis for the investigated samples in this thesis. Furthermore, the working
principle of the applied optical device modeling software is discussed and several funda-
mental approaches for white light generation are given. The final Sec. 2.4 of this chapter
introduces the concept of alternating current driven OLEDs as an interesting alternative
to common direct current operated OLEDs.
2.1 Organic Semiconductor Properties
2.1.1 Molecular Orbitals
In quantum mechanics, the energy states of a molecule can be obtained by solving the
Schrödinger 1 equation
ĤΦ(~r, ~R, t) = i~
∂
∂t
Φ(~r, ~R, t) . (2.1)
Ĥ represents the Hamiltonian of the system, ~r = ~r1, . . . , ~rk and ~R = ~R1, . . . , ~Rl are
the spatial coordinates of electrons and nuclei, t is the time, and ~ represents the Planck
constant. Important system properties can be derived from the eigenstates Φ(~r, ~R, t).
1 Postulated by Erwin Schrödinger in 1926 [6].
5
2 Fundamentals and Device Concepts
The Hamilton operator Ĥ has no explicit time dependency for this particular problem
and Eq. 2.1 can be modified into the time-independent Schrödinger equation
ĤΦ(~r, ~R) = EΦ(~r, ~R) , (2.2)
where E represents the eigenvalues to Ĥ. A molecule is a many-body system and the
corresponding Hamiltonian has to account for interactions between all particles involved.
Ĥ can therefore be separated into the following terms:
• the kinetic energies of electrons and nuclei (T̂el and T̂nucl)
• the electron-electron, nuclei-nuclei, and electron-nuclei interaction potential (V̂el–el,
V̂nucl–nucl and V̂el–nucl).
The Hamiltonian of the system can be written as the sum of these contributions, that is
Ĥ = T̂el + T̂nucl + V̂el–el + V̂nucl–nucl + V̂el–nucl . (2.3)
In order to obtain an analytical solution of Eq. 2.2, several simplifications are in-
evitable. Resulting from the fact that the electrons mass is lower by a factor of ap-
proximately 1836 compared to the mass of a proton, the electron can almost instantly
respond to any change in the nuclei motion. The adiabatic approximation2 thus assumes
a constant nuclei configuration perceived by the electrons, making it possible to separate
electron and nuclei motion. Φ(~r, ~R) can be written as
Φ(~r, ~R) = ψel(~r)ψvib(~R) . (2.4)
For a given electron and nuclei configuration {~r, ~R}, the wave function ψel(~r) describes
the electron motion, whereas ψvib(~R) represents the vibrational contribution from the
nuclei. The Hamiltonian of the system can be modified accordingly to Ĥ = Ĥel + Ĥvib
and the energy states of the molecule can be derived from the sum of the energies
corresponding to the single wave functions
ĤΦ(~r, ~R) = Ĥelψel(~r) + Ĥvibψvib(~R) = Eelψel(~r) + Evibψvib(~R) . (2.5)
Under the assumption that the electrons do not interact with each other, the electronic
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2 Also often called Born-Oppenheimer approximation.
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This determinant of one-electron wave functions is called Slater 3 determinant. It satis-
fies the anti-symmetry principle for fermions which states that the wave function should
be anti-symmetric upon interchange of two fermionic particles. In most cases, a method
called linear combination of atomic orbitals (LCAO) is used to obtain an approximation
of the molecules wave function by superposing the atomic orbitals of the atoms from






Here, cj,i are the LCAO-coefficients which give the contributions of the atomic orbitals
ϕj to the molecular orbital φi. As the number of atomic orbital basis functions ϕj is infi-
nite, the calculation is usually restricted to only a few atomic basis orbitals. Despite this
approximation, the LCAO method allows qualitative predictions of molecular orbitals
which fit quite well to experimental data.
Benzene
The benzene ring is a very common organic semiconductor structure and furthermore a
central component in typical organic semiconducting molecules as they were used in this
thesis. Benzene consists of six carbon and six hydrogen atoms. The ground state elec-
tron configuration of carbon is 1s22s22p2, having two unpaired electrons in its p orbitals
which theoretically means carbon that carbon can only form two bonds two neighboring
atoms. However, within the benzene molecule, the carbon atoms undergo a process called
hybridization. It describes the combination of a number of atomic orbitals to form new
molecular orbitals (hybrid orbitals) with new properties that are an average of the prop-
erties of the orbitals from which they were created. For carbon in organic compounds,
three different types of hybridization are known: sp, sp2, and sp3 hybridization, whereas
benzene favors the sp2 configuration. In the sp2 hybridized state, the 2s orbital is mixed
with the px and py orbital. The result are three coplanar sp2 hybrid orbitals with an
angle of 120◦ between each other. Each carbon atom in benzene is connected to two
neighboring carbon atoms by overlapping of two sp2 orbitals (Fig. 2.1a). These connec-
tions are called σ-bonds. The one remaining sp2 orbital binds to the hydrogen atom. The
non-hybridized pz orbitals are perpendicularly oriented to the sp2-plane and contain six
electrons. These electrons form three delocalized and comparably weak π-bonds which
extend ring-like over the whole molecule above and below the sp2-plane (Fig. 2.1b) and
are responsible for the alternating single and double bonds in benzene.
3 Named for its discoverer John C. Slater [7].
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(a) (b)
Figure 2.1: (a) Plane of coplanar σ-bonds formed by three sp2 hybrid orbitals per carbon atom
and (b) pz orbitals responsible for the conjugated π-electron system. Adapted from
[8].
This so-called conjugated π-electron system has large influence on the electrical and
optical properties of the molecule. For each binding orbital σ/π, there exists a cor-
responding anti-binding orbital σ∗/π∗. The energetic gap between σ/σ∗ and π/π∗ is
determined by their respective orbital overlaps, resulting in a small gap for π and π∗
and a larger splitting for σ and σ∗. The lowest energetic transitions will therefore oc-
cur between the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) which reside within the bonding and anti-binding orbitals of
the π-system, respectively. A schematic energy level diagram for sp2 hybridized carbon






pzsp2 LUMOHOMOEnergy carbon atom,sp2 hybridization molecular orbitalsof benzene
(a)
benzenenaphthaleneanthracenetetracenepentacene λabs = 315 nmλabs = 255 nmλabs = 380 nmλabs = 480 nmλabs = 580 nm
(b)
Figure 2.2: (a) Energetic split-up in benzene. HOMO and LUMO are located on the π and π∗
orbital. (b) The HOMO-LUMO energy gap and therefore the absorption can be tuned
over a wide range of wavelengths in the visible spectral regime by increasing the
number of benzene rings contributing to the π-system. Absorption wavelengths taken
from [9].
As the π-system is saturated, the interaction between molecules is mainly determined
by weak van-der-Waals forces. The electrons are therefore localized on the molecule and
not widely distributed throughout the solid as it is the case in inorganic semiconductors.
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This weak intermolecular interaction leads to relatively sharp HOMO and LUMO ener-
gies. The HOMO-LUMO energy gap is inversely proportional to the number of benzene
rings in the molecule, i.e. to the spatial dimensions of the delocalized π-system [9]. This
effect can be used to modify the electrical and optical properties of the molecule by in-
creasing the number of benzene rings contributing to the π-system as shown in Fig. 2.2b.
Materials with an energy gap in the visible wavelength regime (1.5–3 eV) are especially
interesting for OLEDs.
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2.1.2 Optical Transitions
If a molecule is hit by a photon with sufficient energy, one of its electrons might be
promoted from a lower to a higher molecular energy eigenstate. This process is called
absorption and describes the opposite process to the emission of a photon, where an
electron performs a transition from a higher to a lower energy state. The energy of the
absorbed/emitted photon is given by
Ephoton = ~ω = Ei − Ej , (2.8)
where Ei and Ej are the molecular energy states between which the transition occurs.
The fact that the electron has a spin was neglected in the previous description of the
molecule. In order to understand the optical processes of absorption and emission, the
spin has to be accounted for. A system of two spin-1/2 particles, e.g. two electrons,
can be described by the total spin S and the corresponding spin quantum number
MS = −S,−S + 1, . . . , S − 1, S in the compact notation |S,MS〉. The orientation of
each particle is either spin up (↑) or spin down (↓) which leads to a set of four different
spin functions |S,MS〉
|0, 0〉 = 1√
2
· (↑↓ − ↓↑) (2.9)
|1, 1〉 = (↑↑) (2.10)
|1, 0〉 = 1√
2
· (↑↓ + ↓↑) (2.11)
|1,−1〉 = (↓↓) (2.12)
for this system. There is only one possible configuration to realize a total spin of S = 0,
but three states with a total spin of S = 1. The S = 0 case is referred to as singlet
state whereas the case of S = 1 is called triplet state. According to the molecular orbital
theory introduced in Sec. 2.1.1, the energy necessary to excite the molecule from the
ground state into the first singlet or triplet state (∆ES or ∆ET) would be equal to the
HOMO-LUMO energy gap ∆E
∆E = ELUMO − EHOMO . (2.13)
This is a direct consequence from the assumptions that have been made in the previous
section, i.e. the neglected electron-electron interaction and the obtained molecular or-
bitals which are only single electron wave functions. Correction terms are necessary to
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takes the interaction of overlapping orbitals into account. The wave function ψm(~rn)
describes electron n = {1, 2} within the orbital m = {a, b}. Ka,b can only be non-zero
if ψa and ψb have the same spin factor, i.e. for singlet configurations. One can show that
∆ES = ELUMO − EHOMO − Ja,b + 2Ka,b (2.16)
∆ET = ELUMO − EHOMO − Ja,b . (2.17)
Both singlet and triplet state energies are lower than the HOMO-LUMO gap due to
the Coulomb interaction energy. Additionally, the singlet state energy is higher by two
times the exchange integral Ka,b compared to the triplet state energy. This energetic
difference between singlet and triplet level ∆EST = ∆ES −∆ET = 2Ka,b is referred to
as singlet-triplet-splitting. It is a spin-induced phenomena, indicating that the spin is an
important quantity which needs to be considered in order to obtain a reliable description
of the system. A spin term ψS is therefore added to Eq. 2.4, which then reads
Φ∗ = ψSψelψvib . (2.18)
This step is only valid if the spin-orbit coupling can be considered negligible. The prob-
ability P 2 of a dipole transition4 between two molecular states is given by
P 2i→f ∝ |〈Φ∗i |M̂ |Φ∗f〉|2 . (2.19)
M̂ represents the dipole moment operator whereas i and f indicate the initial and final
state, respectively. Using the definition of Φ∗ from Eq. 2.18, P 2 can be separated into
three parts:
P 2i→f ∝ |〈ψeli |M̂ |ψelf 〉|2
︸ ︷︷ ︸
I.
· |〈ψSi |ψSf 〉|2
︸ ︷︷ ︸
II.




The dipole moment operator M̂ influences neither the spin part nor the vibrational part
of the wave function and therefore effects only the electronic contribution. Term I. and
II. describe transitions between electronic states whereas term III. refers to vibrational
transitions. The second term is zero, if the spin of the final state is different from the spin
of the initial state. That means that transitions from the singlet state (e.g. S1) to the
ground state (S0) – a process called fluorescence – are allowed, whereas the transition
from the triplet state (e.g. T1) to the ground state is forbidden by quantum mechanics,
because it violates the law of the conservation of the spin. The latter process is also
4 Higher multipole transitions are neglected.
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known as phosphorescence. The result is a very short lifetime (τsinglet ≈ 10−9 s) of the
excited singlet state, whereas the lifetime of the triplets is higher by several orders of
magnitude (τtriplet ≈ 10−3 − 100 s). A long lifetime increases the probability for non-
radiative decay which means that the T1 → S0 transition does usually not contribute
to the emission of light. However, under certain conditions, radiative emission from a
triplet state can be observed. Spin-orbit coupling which was neglected in Eq. 2.18, is the
interaction between the spin angular momentum and the orbital angular momentum of








l̂i · ŝi (2.21)
where Zµ is the atomic number and l̂i and ŝi are operators for the orbital angular
momentum and spin angular momentum, respectively. The product of both operators
l̂i · ŝi leads to mixing between singlet and triplet state and allows transitions from one to
the other. According to Eq. 2.21, the coupling is also proportional to the atomic number
Z and can be increased by introducing heavy metal atoms (e.g. iridium, platinum) to
the molecule, resulting in a significantly increased probability for the T1 → S0 transition
and a therefore lowered triplet lifetime. The radiative transition to the ground state after
absorption of a photon is called photo-luminescence. Photon emission from electrically
excited states is referred to as electro-luminescence. Figure 2.3 depicts the Jablonski























































Figure 2.3: Jablonski diagram showing radiative and non-radiative transitions that can occur
within a molecule. Solid lines correspond to processes that involve the absorption or
the emission (red line - fluorescence, blue line - phosphorescence) of photons. Non-
radiative transitions are depicted as dotted lines with the following labels: ISC -
intersystem crossing, IC - internal conversion, VR - vibrational relaxation. Overview
adapted from [9].
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When the molecule absorbs a photon, it is excited to a higher singlet state (Sn). As the
internal relaxation from higher excited states (Sn, Tn) to the lowest excited states (S1, T1)
usually happens on a much faster timescale than the radiative transition to the ground
state, emissive processes are predominantly based on a S1 → S0 (fluorescence) or T1 → S0
(phosphorescence) transition. The non-radiative internal relaxation process consists of
two subsequent steps: (1) internal conversion from a higher to a lower electronic state
and (2) vibrational relaxation to the vibrational ground state of corresponding electronic
state. A second non-radiative process is the transition from the singlet state S1 to the
triplet state T1, an effect referred to as intersystem crossing (ISC). Strong spin-orbit
coupling not only allows emission from the triplet state, but also enables very efficient
ISC. For emitter materials which are designed to predominantly emit from the T1 triplet
state, the efficiency of ISC is close to unity. This means that all singlets are converted to
triplets, and light emission originates only from the phosphorescent transition T1 → S0.
Term III. in Eq. 2.20 is called Franck-Condon-factor. It explains the intensity of
vibronic5 transitions due to the absorption or emission of a photon. The probability
of an electronic transition rises with increasing overlap between the initial and final
vibrational wave function. However, the maximum overlap is only rarely between the
lowest vibrational modes of two electronic states, but rather between the vibrational
ground mode of one electronic state and a higher vibrational mode of another electronic
state. An electron absorbing a photon is most likely excited into a higher vibrational
mode from which it relaxes non-radiatively into the lowest vibrational level. This process
happens on a timescale of around 10-13 s which is several orders of magnitude faster
than the fluorescent transition to the electronic ground state. The following radiative
decay into a lower electronic state again favors higher vibrational levels from which non-
radiative transitions to the vibrational ground state occur. The Franck-Condon-principle
explains the symmetry in the absorption and emission spectra as shown in Fig. 2.4. As
a result of the small overlap between absorption and emission spectra, self-absorption is
negligible in OLEDs.
5 Simultaneous changes in electronic and vibrational energy level.
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2.1.3 Charge Carrier Transport
Understanding the physical processes behind charge carrier transport in organic semi-
conducting materials is vital for explaining and predicting the macroscopic behavior
of organic devices. The complexity of this topic impedes a detailed discussion of every
aspect within the scope of this work. The focus will therefore be on basic models and
considerations for describing charge carrier transport in organic semiconductors. The
organic materials used in this work are thermally evaporated and show primarily amor-
phous growth. However, similar to inorganic materials, organic solids can also appear in
a crystalline or poly-crystalline phase.
In contrast to inorganic semiconductors, where the charge carriers are delocalized from
the atomic cores and move in a broad conduction-band, the charge carriers in amorphous
organic semiconductors are localized on the molecule. Here, holes/electrons move from
molecule to molecule by a thermally activated hopping process. In a first approximation,
the hopping probability from one molecule to another is proportional to the overlap
of the orbitals (π-orbital for hole transport, π∗-orbital for electron transport) of the
two participating molecules. As the orbital overlap in amorphous films is comparably
small, charge carrier mobilities are low in these materials. Typical mobility values for
amorphous organic materials vary from 10-6 cm2/Vs to 10-2 cm2/Vs. Compared to that,
the mobility in weakly n-doped silicon is as high as 103 cm2/Vs due to the favorable
transport properties of bands [10].
The most commonly used model for describing charge transport via hopping processes
in a manifold of sites is the Gaussian disorder model (GDM) introduced by Bässler [11].
The GDM takes energetic and structural disorder into account and assumes a Gaussian











Here, Nt is the total density of hopping sites, E is the energy measured relative to the
center of the density of states, and σ is the width of the distribution. The example of an
electron moving from site to site under an electric field ~F is shown in Fig. 2.5. For the





Figure 2.5: Schematic showing the hopping transport of an electron between localized states under
an electric field F . The hopping sites have a Gaussian distribution with a width σ.
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The GDM formalism can not be solved analytically. However, Monte-Carlo simulations
including a hopping rate model based on the work of Miller and Abrahams [12] lead to
the following equation for the mobility of charge carriers in disordered organic solids:


















where T is the temperature, µ0 presents the zero-field mobility, and σ and Σ describe the
energetic and positional disorder, respectively. C is a numerical constant that describes
the hopping site separation. The exp
√
F field dependence in Eq. 2.23 is similar to the
experimentally observed Poole-Frenkel type of mobility which reads







with the field enhancement factor β. It describes a charge carrier in the Coulomb po-
tential of an oppositely charged trap state. The application of an electrical field F leads
to a barrier lowering ∆φ which is proportional to
√
F . Under an electric field F , the
hole/electron mobility µp/µn is a proportionality constant that connects F to the velocity
~v of the charge carriers:
~v = µp/n ~F . (2.25)
In case of amorphous organic materials without preferred crystallographic orientation, µ
is reduced to a scalar quantity. However, for crystalline systems which show pronounced
molecular orientation, µ has to be treated as a tensor which is applied to the electrical
field vector ~F . Multiplying Eq. 2.25 by the charge carrier densities of holes p and electrons
n and the elementary charge e yields the current density j:
j = e(pµp + nµn)F = σF , (2.26)
where σ describes the conductivity of the organic layer. In most cases, charges (holes
and electrons) are injected from a metal contact into the organic layers. Although the
metal contact provides a huge reservoir of free charge carriers, the low mobility in the
organic layers and the resulting slow transport of already injected charge carriers away
from the contacts are responsible for the formation of space charge regions near the
electrodes, which hinder the further injection of charges. In this so-called space charge









where V is the applied voltage, ǫ0ǫr represents the permittivity of the organic layer,
and µ and d are the mobility and the thickness of the organic layer, respectively. For
a Poole-Frenkel type mobility (cf. Eq. 2.24), empirically obtained data suggests minor
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2.1.4 Doping of Organic Semiconductors
For inorganic semiconductors, small amounts of impurity atoms are added to the crys-
tal lattice in order to achieve a higher number of free charge carriers. This process is
called doping. Depending on the kind of impurity atom, the result is either a p-doped or
n-doped semiconductor. By replacing a small amount of the tetravalent Si-atoms with
trivalent atoms, for example boron, p-doping is achieved. Having one fewer valence elec-
tron (compared to silicon), boron accepts an electron and therefore donates a hole. In
case of n-type doping, a pentavalent element (for example phosphorus) replaces some
Si-atoms in the lattice. It donates one electron resulting in n-type conductivity.
Similar considerations can be adopted for organic semiconductors in order to im-
prove the device performance. To achieve p-type/n-type doping, small amounts of ac-
ceptor/donor materials are added to an organic matrix material. If the LUMO of the
dopant molecule is lower than the HOMO of the matrix material, the dopant serves as an
acceptor for electrons, thus increasing the hole density resulting in p-type conductivity
(Fig. 2.6a). For an increased n-type conductivity, the dopant must have a HOMO which









Figure 2.6: Principle of doping in organic semiconductors. Charge transfer between dopant and
matrix generates free charge carriers. (a) The LUMO of the dopant molecule is lower
than HOMO of the matrix. In this case, the dopant is working as an acceptor for
electrons. (b) The HOMO of the dopant is higher than LUMO of the matrix. This
time, the dopant acts as an electron donor.
For p-type doping (n-type doping analogous), the process can be qualitatively written
as follows:
MMAM ⇋M [M+A−]M ⇋M+MA−M . (2.29)
When the acceptor molecule A is brought into the matrix M , the dopant is ionized
(A−) and donates a hole to the matrix (M+). The donated hole is bound to the charged
dopant by Coulomb interactions and a charge transfer complex [M+A−] is formed. If
the constituents of the complex can overcome the Coulombic binding energy EB and
dissociate, a free hole is created. The probability P for the dissociation to occur follows
18
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As EB is typically in the order of several hundred meV , a dissociation is very unlikely.
There is still ongoing research to find a conclusive theoretical description of the dop-
ing mechanism in organic semiconductors. For example, Mityashin et al. suggests that
increased energetic disorder at higher doping concentrations promotes the dissociation
of CT complexes and subsequently enables doping above a certain doping concentra-
tion threshold [14]. A different explanation is given by Salzmann et al. [15]. In their
work, doping is explained by a hybridization process between the organic semiconductor
matrix and molecular dopant.
The increased density of free charge carriers raises the conductivity (cf. Eq. 2.26) of the
doped layer by several orders of magnitude. For example, in alkali-metal doped C60 films,
the conductivity can be increased to 100 S/cm [16]. This presents a huge improvement
over undoped C60 which exhibits a conductivity of only around 10−8 S/cm [17]. Although
alkali-metals are highly efficient n-dopants, they are also highly reactive and therefore
difficult to handle. Due to the small dimensions of alkali-metal atoms compared to the
molecule size of the organic matrix, they tend to diffuse into other layers with negative
effects on device performance. For possible molecular n-dopants, the required ionization
potential must be very low in order to efficiently donate an electron to a matrix molecule.
This leads to similar problems concerning high reactivity and sensitivity against oxygen.
However, diffusion of dopants into neighboring layers is suppressed due to the larger
dimension of the n-dopant molecule in comparison to the before mentioned alkali-metal
atoms. State-of-the-art molecular n-dopants, e.g., dimetal complexes like Cr2(hpp)4 or
W2(hpp)4 [18, 19], provide reliable doping even for OLED electron transporting materials
which generally have a higher lying LUMO.
In case of molecular p-type dopants, the amount of available compounds is relatively
limited. The most commonly used p-dopant is the fluorinated TCNQ6 molecule F4-
TCNQ, proposed by Pfeiffer et al. in 1998 [20]. They could show greatly reduced driving
voltages for OLEDs by employing this dopant in devices [21]. However, F4-TCNQ is
a highly volatile dopant, prone to diffusion through the layers in a device, and known
to contaminate the deposition chamber. Alternative, less volatile dopants such as F6-
TCNNQ [22] or C60F36 [23, 24] were developed and successfully used as low volatility
dopants in OLEDs and organic solar cells [25].
Nowadays, molecular doping not only paves the way for highly efficient organic light-
emitting diodes [2] and organic solar cells [26, 27], but also for novel organic devices such
as Zener diodes [28], ultra-high frequency diodes [29], or triodes [30].
6 Tetracyanoquinodimethane
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Improved charge injection into doped organic layers
In organic materials which are either p- or n-doped, the density of free charge carriers
is considerably higher compared to intrinsic material, resulting in the alignment of the
metal work function with the Fermi level of the organic material by charge transfer





Figure 2.7: Charge injection from a metal electrode into (a) an undoped and (b) a p-doped
organic semiconductor. In the undoped case, the charge carrier has to overcome a
high injection barrier whereas the narrow depletion region in the p-doped case allows
tunnel-injection directly into the HOMO of the organic.
a width proportional to N−1/2D , where ND represents the dopant concentration, forms
at the interface. For sufficiently high values of ND, the depletion region becomes thin
enough to allow charges to directly tunnel into the organic layers as shown schemati-
cally in Fig. 2.7. The current density is now proportional to V/d describing an Ohmic
behavior. Besides the considerably reduced injection barrier, the voltage drop over the
doped organic layer is negligible, which makes it possible to vary the layer thickness
over a wide range without changing the electrical characteristics of the device. This ad-
ditional degree of freedom can be used for optical optimizations as discussed in Sec. 2.3.2.
An extensive review on doping in organic semiconductors has been conducted by
Lüssem et al. [31].
20
2.1 Organic Semiconductor Properties
2.1.5 Non-radiative Energy Transfer Mechanisms
The transfer of energy between molecules is a key process in organic semiconductor
devices. Being able to promote or hinder these processes within an OLED is a necessary
prerequisite for high efficiencies. The following section will focus on the two most common
forms of non-radiative energy transfer from an initially excited donor molecule (D) to an
acceptor molecule (A) in the ground state, namely Förster transfer and Dexter transfer.
Förster transfer
The Förster mechanism is based on dipole-dipole interaction between a donor and an
acceptor molecule and has been investigated by Theodor Förster in the middle of the
20th century [32]. The rate constant kFörster for this process depends on the donor-
acceptor separation distance RD-A, the spectral overlap of donor emission spectrum and
the absorption spectrum of the acceptor J , and the relative orientation κ of the respective





Despite the R−6D-A dependency of kFörster, donor and acceptor can be separated by up
to 10 nm, i.e., over a distance of several molecules. The spin configuration of donor
and acceptor is conserved under Förster energy transfer, which allows for the following
transitions:
1D∗ + 1A −→ 1D + 1A∗ (2.32)
1D∗ + 3A −→ 1D + 3A∗ . (2.33)
Here, the superscripted numbers denote the multiplicity of the molecule, that is 1 for
the singlet and 3 for the triplet configuration. The latter process describes an acceptor
molecule with a triplet ground state and is only given for the sake of completeness. Typi-
cal organic molecules have a singlet ground state where Förster transfer occurs according












Figure 2.8: Schematic energy diagram of singlet-singlet Förster energy transfer. This process is
mediated by long range dipole-dipole interactions between the donor molecule D and
the acceptor molecule A.
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Dexter transfer
In contrast to Förster transfer, the Dexter mechanism [33] is based on electron exchange
between the donor and acceptor molecule. In addition to singlet transfer which is also
possible in the Förster case, Dexter energy transfer allows for triplet transfer, leading to
the following types of transitions (also shown schematically in Fig. 2.9):
1D∗ + 1A −→ 1D + 1A∗ (2.34)
3D∗ + 1A −→ 1D + 3A∗ . (2.35)
The efficiency of Dexter type energy transfer correlates to the spatial overlap of the
charge density distributions of donor and acceptor which limits the effective range of

























Figure 2.9: Schematic energy diagram of (a) singlet-singlet and (b) triplet-triplet Dexter energy
transfer.
rarely observed as the corresponding Förster process is very efficient and thus dominant.
On the other hand, triplet-triplet Dexter energy transfer is very important for triplet
exciton migration within the emission layer of an OLED, as well as for a process called
triplet-triplet annihilation (TTA) present in phosphorescent OLEDs. TTA describes the
interaction of two excited triplets in the following way:
3D∗ + 3A∗ −→ 1D + 1,3A∗∗ −→ 1D + 3A∗ . (2.36)
In this case, the donor transfers its energy to the already excited acceptor an promotes it
to a higher excited singlet or triplet state (1,3A∗∗). As already mentioned in Sec. 2.1.2, the
internal relaxation from higher excited states (Sn, Tn) to the lowest excited states (T1
in this case) usually happens on a much faster timescale than the radiative transition
to the ground state. In the end, only one triplet exciton remains for radiative decay.
Triplet-triplet annihilation therefore presents a loss channel in phosphorescent OLEDs.
22
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2.2 Quantification of Light
2.2.1 Radiometry and Photometry
To quantify the amount of light emitted by an OLED, it is necessary to discuss the gen-
eral radiometric and photometric characterization of a light source. While in radiometry
the radiant energy is measured in terms of absolute power, photometric measurements
weight the radiated power at each wavelength with the luminosity function modeling the
sensitivity of the human eye. As shown in Fig. 2.10, the luminosity function is different
for low light (scotopic vision, luminance < 10-2 cd/m2) and normal light (photopic vision,
luminance > 1 cd/m2) conditions. In the transition regime from scotopic to photopic
vision, the eye sensitivity can be modeled as a superposition of both luminosity func-
tions. Color perception is possible for luminance values greater than 1 cd/m2, suggesting
to use the luminosity function V (λ) corresponding to photopic vision for weighting the
radiometric values. Intensity (a. u.) 00.20.40.60.81 Wavelength (nm)400 450 500 550 600 650 700 750V(λ)V'(λ)
Figure 2.10: Eye sensitivity curves V (λ) and V ′(λ) for photopic and scotopic vision, respectively.
The radiated power of a source is also called radiant flux Φe, its unit of measurement
is watt [W], indicating an energy transfer per time. The corresponding photometric quan-
tity is the luminous flux Φv, which is measured in lumen [lm]. The relation between
both quantities is given by
Φv(λ) = Km · V (λ) · Φe(λ) (2.37)
where V (λ) is the luminosity function for photopic vision and Km = 683 lm/W is a
historically motivated conversion factor. Km specifies the luminous flux for a monochro-
matic light source with a wavelength of 555 nm and a radiant flux of 1 W to be 683 lm.
For wavelengths other than 555 nm, the value of Φv corresponding to 1 W is always less
than 683 lm.
If the radiated power is not equally distributed in all directions, different quantities
are used to describe the angular dependency of the emission. These quantities are the
23
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radiant intensity Ie, and the luminous intensity Iv as the photometric equivalent.








whereas the units of measurement are [W/sr] for Ie and [lm/sr] for Iv. Fig. 2.11 shows
the emission characteristics of an isotropic emitter and a lambertian emitter. The ideal
isotropic emitter is a point source which radiates in all directions with the same intensity.
For instance, at a certain distance, the sun can be approximated as an isotropic emitter.
In contrast to that, a lambertian emitter exhibits an emission over a larger area. The
intensity of its radiation is directly proportional to the cosine of the angle between surface
normal and the observer. In first approximation, OLEDs are an example for lambertian
emitters. I(ϑ) = I0 ∙ cos ϑII = const. I0 ϑ
Figure 2.11: Emission characteristics. Isotropic emitter (left): intensity is equally radiated in all
directions. Lambertian emitter (right): intensity is proportional to the cosine of the
angle between surface normal and observer. Reprinted from [34].
Keeping Ie/Iv constant, a source seems brighter with decreasing emission area. The
radiometric/photometric quantities to describe the brightness of a source are called








Le is measured in [W/(sr·m2)], Lv in [lm/(sr·m2) = cd/m2]. When changing the ob-
servation angle to the surface, only the projected area A · cosϕ has to be considered.
Furthermore, if the area emits uniformly intensive, the equations can be written as
Le,v =
Ie,v
A · cosϑ . (2.40)




A · cosϑ =
Ie,v,ϑ0
A
= const. , (2.41)
resulting in a radiance/luminance that is independent from the observation angle.
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2.2.2 Color and White Light
CIE1931 Color Space
The light receptors within the retina of the human eye can be divided into rods, which are
very sensitive but give no information about the color of the incoming light, and cones,
which work for photopic vision brightness levels above 1 cd/m2 and are responsible for
color perception. There are three types of cone cells, namely ρ, γ, and β cones which are
sensitive to orange-red, green, and blue light, respectively.Sensitivity (a. u.) 00.30.60.91.21.51.8 Wavelength (nm)400 450 500 550 600 650 700 750xc(λ)yc(λ)zc(λ)
Figure 2.12: CIE1931 color matching functions xc(λ), yc(λ) and zc(λ).
In 1931, the International Commission on Illumination (CIE7) created the CIE1931
color space in order to compare light sources of different color. Based on the human eye
and its three different types of color-sensitive cells, the idea behind the CIE1931 color
space was to introduce three tristimulus parameters X, Y and Z in order to describe
a color sensation. To determine the tristimulus values of a light source, the CIE has
defined so-called color matching functions that represent the chromatic response of the
color-sensitive cones. These functions were derived from experimental data obtained by
Wright [35] and Guild [36]. Figure 2.12 shows the color matching functions x(λ), y(λ),
and z(λ). y(λ) is equal to the luminosity function V (λ), which was discussed in the
beginning of Sec. 2.2.1.




S(λ) xc(λ) dλ, Y =
∫
S(λ) yc(λ) dλ, Z =
∫
S(λ) zc(λ) dλ (2.42)
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Color Temperature
The spectral distribution of a black body radiator having a temperature T is described
by Planck’s law. As a function of the wavelength λ it reads






)− 1 , (2.50)
where h is the Planck constant, c is the speed of light within the respective medium, and
kB is the Blotzmann constant. In Fig. 2.15a, M(λ, T ) is shown for several temperature
values, ranging from T = 100 K to T = 10000 K. The sun, with an approximate
effective temperature of 5777 K, is indicated by a dashed line which an emission peak
in the visible spectrum. For each temperature, the CIE chromaticity coordinates (x,y)
of M(λ, T ) can be calculated according to Eq. 2.42 and Eq. 2.43. Plotting these values
into the CIE chromaticity diagram results in the black line which is shown in Fig. 2.15b.
This line, giving the black body radiator chromaticities for different temperatures, is
called the Planckian locus. If a light source has color coordinates close (∆uv ≤ 5×10−2)
to the Planckian locus, it can be given a so-called correlated color temperature (CCT),
corresponding to the temperature of M(λ, T ) of the nearest point on the Planckian locus.
A white light source having a CCT of around 2700–3300 K usually generates a warm
white color sensation. Light sources with CCTs above 5000 K produce a more cold white
impression. To further categorize white light sources, several reference points along the
Planckian locus have been introduced. Three important examples of such points are
given in Fig. 2.15b. The CIE standard illuminant A8 is located at (x, y) = (0.448, 0.407)
within the CIE1931 chromaticity diagram. Its color temperature is 2856 K which is ap-
proximately that of a tungsten incandescent light bulb. Although close to the Planckian
locus, the CIE standard illuminant E does not represent a black body radiator of any
temperature. It is known as the equal-energy radiator as it has a constant spectral power
distribution. The chromaticity coordinates of E are (x, y) = (0.333, 0.333). The third
point shown in Fig. 2.15b is the CIE standard illuminant D65 which is also often referred
to as standard daylight illuminant. It has a CCT of approximately 6500 K and is located
at (x, y) = (0.313, 0.329).
Color Rendering Index
The general color rendering index (CRI) Ra is used to describe how well a light source
renders the colors of objects that it illuminates. Ra is only a meaningful value if the light
source under investigation is approximately white, i.e. the distance to the Planckian
locus is smaller than ∆uv ≤ 5.4 × 10−3). The general CRI is calculated by comparing
the appearance of eight test color samples under illumination of the light source and a
reference light source of comparable CCT. The reference light source is either a black
body radiator for CCTs under 5000 K or a D series illuminant for CCTs above 5000 K.
8 Also known as color point A or warm white point.
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finally gives the general CRI Ra






The maximum value of Ra is 100. Lower values result in an unnatural reproduction of
some colors under illumination by the corresponding light source. Incandescent lamps
emit a continuous black body spectrum yielding near-perfect color rendering with CRI
values close to 100. The conversion phosphors in fluorescent lamps have been tuned to
nicely render these eight test color samples, leading to CRIs of 80 and more. Phosphor-
converted white LEDs, in which one or more broadband phosphor layers convert the
light of a blue LED to light of longer wavelength (green/yellow/red), score CRI values
of 70 – 90.
The limitation to eight pastel test colors for determining the general CRI is not suf-
ficient. Especially the conversion phosphors in fluorescent lamps have been optimized
to render these eight colors well to achieve high CRI values. However, a small shift in
emission wavelength would result in a significantly reduced CRI with only little change
in color appearance as perceived by the human eye. This situation was improved to some
extent by introducing six additional test color samples which are shown in Fig. 2.17. In4.5R 4/13 5Y 8/10 4.5G 5/8 3PB 3/11 5YR 8/4 5GY 4/4
Figure 2.17: Six additional Munsell colors for more accurate CRI values. In contrast to the eight
standard test colors, the extended set also covers saturated colors.
contrast to the standard test color set, these additional test colors now include saturated
colors which make the CRI more accurate and informative. However, most manufactur-
ers still state the general CRI Ra for their products which only covers the standard test
colors. A fluorescent lamp would score a much lower CRI if more than the first eight test
color samples were used to calculate its CRI. For example, the special CRI for saturated
red (R9) of a fluorescent lamp is R9 ≈ 2 [38] and therefore too low to accurately render
red colors. Despite its flaws, the general CRI Ra is still the most common color qual-
ity metric used by light source manufacturers, as well as in standard OLED literature.
Research is going on to overcome the limited usefulness of the CRI in assessing color
rendering properties of a light source. A very promising alternative called Color Quality
Scale (CQS) has been developed at the National Institute of Standards and Technology
(NIST) by Davis et al.[39] It is based on methods used in the CRI, however, important
modifications have been incorporated to improve on flaws of the CRI, such as:
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• Ra is calculated using only eight color samples of low saturation. The CQS is based
on a new set of 15 color samples with high chromatic saturation:
• Color differences are calculated in the CIE 1976 L*a*b* color space instead of the
still very nonuniform CIE 1964 U*V*W* color space.
• Certain light sources have a negative CRI which is often confusing and hard to
interpret. In contrast, the CQS provides an easy to understand 0 – 100 scale.
Especially multi-chip three- or four-color white LEDs with their narrow emission peaks
have low CRIs although their white light emission is perceived as visually appealing.
This particular white LED source, however, tends to increase the chromatic saturation
of objects which is penalized by how the CRI is calculated and ultimately results in a
lower score. On the CQS, multi-chip white LEDs usually score high values in accordance
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the charge carriers and excitons inside the emission layer [42]. The HBL is introduced
between EML and ETL to prevent holes from being injected into the ETL. Therefore,
the HOMO of the HTL needs to be deeper than the HOMO of the EML in order
to provide a sufficient barrier. On the other hand, the HBL should not interfere with
electron transport from the ETL to the EML, therefore, its LUMO must not introduce
energy barriers to neither of the two neighboring materials. Similar requirements hold
for the EBL which is located between EML and HTL. Here, the LUMO of the EBL
material must be noticeably higher in comparison to the EML LUMO. At the same
time, the EBL HOMO has to allow for easy hole injection into the EML. The dopants
in both hole and electron transport layer act as (non-radiative) recombination centers
for excitons. Blocking layers must therefore also be able to confine excitons formed on
the EML material. This is particularly important for phosphorescent OLEDs, in which
the excitons have diffusion lengths in the range of the EML thickness [43]. The diffusion
of these triplet excitons can be efficiently blocked if the HBL/EBL triplet energy is
higher than that of the the diffusing excitons [44]. Since most EML materials are either
predominantly hole or electron conducting, the recombination takes place close to one of
the blocking layers. For example, the EML matrix material TCTA which is also used in
this thesis (see Sec. 3.1) is predominantly hole conducting [45]. As a direct consequence,
holes are very likely to accumulate at the EML/HBL interface, emphasizing the need
for HBL/EBL materials with high triplet energies for building efficient pin-OLEDs.
Emission Layer
The emission layer is where injected holes and electrons finally meet to form excitons
which subsequently send out photons upon their decay. It can either consist of a bulk
emitter material, which is often the case in simple fluorescent OLEDs, or of a host-guest
system where the emitter molecules are doped into a suitable matrix material. The
latter approach is often used for phosphorescent emitter systems to avoid aggregation
quenching [46]. Here, the doping concentration is usually in the range of 2–10 weight
percent (wt%), depending on the specific emitter. The matrix material in a host-guest
system has to meet several requirements. As emission from the host is not desired,
an efficient energy transfer from the matrix the the emitter molecule must be present.
Förster and Dexter transfer mediate singlet and triplet transfer from the host material
to the emissive guest molecules (cf. Sec. 2.1.5). Once the exciton is transferred to the dye
molecule, back-transfer to the host has to be prevented. Therefore, for a phosphorescent
emitter, the triplet level of the matrix material must be higher than that of the emitter
molecule. An energy diagram showing singlet and triplet transfer within this system is
given in Fig. 2.20a Host-guest combinations fulfilling these criteria are readily available
with reported internal quantum efficiencies of up to 100% [47].
Another highly efficient EML approach based not on phosphorescence but fluorescence
is the so-called TADF (thermally activated delayed fluorescence) concept. Here, triplet
excitons generated on a fluorescent emitter molecule – which would typically present a
loss channel – are transferred to the radiative singlet level of the molecule by means of
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Figure 2.20: (a) Host material with a phosphorescent emitter as guest molecule. Singlet and
triplet excitons generated on the host are transferred to the phosphor triplet level
from where they can radiatively recombine. (b) A fluorescent emitter based in the
TADF principle. Here, triplet excitons are transferred to the radiative singlet level
by thermally activated reverse inter-system crossing. (c) Triplet excitons generated
on a fluorescent host typically present a loss channel. With the triplet harvesting
approach, these triplets are transferred to a phosphor where radiative decay is pos-
sible.
thermally activated reverse inter-system crossing (RISC), as illustrated in Fig. 2.20b.
Crucial for this process is a small singlet-triplet splitting ∆EST so that triplets can be
efficiently transferred to the energetically higher singlet level. Very well optimized TADF
OLEDs with efficiencies close to the theoretical limit of 20% external quantum efficiency
for phosphorescent emitter systems have been reported recently [48, 49].
Similar to TADF, triplet harvesting is a way of using otherwise non-radiative triplet
excitons generated on a fluorescent emitter for light emission by transferring them to
an adjacent phosphor. To avoid parasitic harvesting of singlets by the phosphorescent
molecules, the recombination zone, i.e., the location where singlets and triplets are gen-
erated within the OLED, has to be spatially separated from the phosphor. Due to their
short diffusion length in the order of only a few nanometer [50], singlets can not reach
the phosphor layer and decay radiatively almost entirely on the fluorescent host. The
triplets, however, have much longer lifetimes and therefore diffusion lengths in the range
of several tens of nanometer [51, 52] which allows them to reach the phosphor where
they are harvested and can finally recombine radiatively. As the triplet energy is lower
compared to the energy of the singlets, the emission color of the harvesting phosphor
is usually of a longer wavelength than the emission from the fluorescent host. Triplet
harvesting is therefore often used as a method to fabricate simple white OLEDs by
combining a blue-emitting fluorescent host and a yellow-emitting phosphor [53, 54].
35
2 Fundamentals and Device Concepts
2.3.2 Optical Device Optimization
Understanding the light propagation within a multilayered OLED structure is of major
importance for modelling highly efficient devices. After holes and electrons were trans-
ported to the EML, excitons can be generated which may then recombine radiatively.
These excited emitter molecules in the EML can be regarded as electrical dipoles ra-
diating electromagnetic waves into the surrounding medium. The interaction between
emitted light and the OLED medium is given by the Maxwell equations:












where ~D and ~E represent the electrical displacement field and the electrical field, re-
spectively. Both quantities are connected to the magnetic induction ~B and the magnetic
field ~H. Furthermore, the density of free charges within the system is described by ρ
whereas the corresponding current density is given by ~j. The electric permittivity ǫ as
well as the magnetic permeability µ provide relations between ~D and ~E and ~H and ~B,
respectively, in the following way:
~D = ǫ ~E ~B = µ ~H . (2.53)
So-called homogeneous wave equations can be derived from the Maxwell equations for
~E and ~B. They describe the propagation of the radiated light in time and space and
have the following form:








= 0 . (2.54)
Here, the assumption of non-conductive, isotropic, and homogeneous media has been
made (~j = 0, ρ = 0). The solution to these equations is a harmonic plane wave given by
(examplarily shown for ~E, analogous solution for ~B)





with an amplitude ~E0, the wave vector ~k, and the angular frequency ω.
Transfer matrix approach
The OLED system comprises a stack of planar layers which extend almost infinitely
within the plane of the substrate, whereas their thickness is of the order of one wave-
length which leads to interference effects that influence the emission [55]. An electro-
magnetic wave which is generated by a dipole within the emission layer has to pass
several material interfaces before being able to leave the device. At each interface be-
tween two materials, the plane wave can be reflected or transmitted. For two materials
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with the complex refractive indices10 ñ1 and ñ2, reflection and transmission are given by
the Fresnel coefficients for s- and p-polarized light. The reflection coefficients are defined
as follows
rs12 =
ñ1 cos θ1 − ñ2 cos θ2
ñ1 cos θ1 + ñ2 cos θ2
rp12 =
ñ2 cos θ1 − ñ1 cos θ2
ñ2 cos θ1 + ñ1 cos θ2
, (2.56)
whereas the transmission is given by
ts12 =
2ñ1 cos θ1
ñ1 cos θ1 + ñ2 cos θ2
tp12 =
2ñ1 cos θ1
ñ2 cos θ1 + ñ1 cos θ2
. (2.57)
Here, θ1 and θ2 describe the angle of incidence and the angle of refraction, respectively.
Both angles are given with respect to the surface normal. For a system consisting of
N layers, each material interface has to be taken into account in terms of reflection
and transmission, as well as the interaction with the bulk medium of each layer. An
elegant method for optically describing a multilayer stack is the so-called transfer matrix
approach [56, 57]. Here, the propagation of light through an N -layer structure is modeled
by a dynamical matrix Di which accounts for all interface effects and a propagation
matrix Pi which describes the interaction with the bulk material. The field is divided
into two waves traveling into opposite directions; their field amplitudes are given by E+
and E−. The transfer matrix approach is illustrated in Fig. 2.21 for a multilayer structure
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Figure 2.21: Electric field amplitudes E+ and E− of two waves traveling into opposite directions
inside a multilayer structure composed of N layers. ñi represents the refractive index
of the i-th layer. Adapted from [57].
ñi and a thickness di. For the layer stack given in Fig. 2.21, the field amplitudes at the





















10 The complex refractive index ñ(ω) combines the refractive index n(ω) and an absorptive part κ(ω)
in the form ñ(ω) = n(ω) + iκ(ω).
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rm−1,m and tm−1,m are the Fresnel coefficients from Eq. 2.56 and 2.57, whereas δm de-
scribes the phase of the light when traveling through the mth layer. The treatment of



























The resulting 2×2 system transfer matrix Tij can now be used to calculate transmission
and reflection of arbitrary multilayer structures.
Application to OLEDs
The simulation software used in this thesis is based on a standard radiative dipole model
as it has often been described in literature [55, 58, 59]. Here, the emitter molecules are
modeled as dipole sources embedded into the OLED structure. The emission character-
istics of these dipoles are well understood, allowing for the integration into the transfer
matrix formalism. However, in contrast to a typical dipole which emits radiation contin-
uously, the excited emitter molecule can only emit a single photon. The emitted power is
therefore proportional to the amount of photons emitted per time interval, i.e., the decay
rate of the emitter molecule. As discussed in Sec. 2.1.2, there exist also non-radiative
decay paths which have to be taken into account as well. The decay rate Γ and the ra-
diative efficiency ηrad, which is the ratio of the rate of radiative transitions to the ground
state to the sum of the rates of all possible decay paths, are given by




where Γnr and Γr are the non-radiative and radiative component, respectively. This rate
has to be modified by a factor F 11 if the emitting dipole is introduced to the OLED
cavity. The modified rate Γ∗ and radiative efficiency η∗rad then read






For an undisturbed dipole in an infinite medium, the Purcell factor is F = 1. Changing
the optical environment of the emitting dipoles, however, can result in F < 1 (effective
radiative efficiency goes down) or F > 1 (effective radiative efficiency goes up), whereas
the latter case is preferred in an efficient OLED design. The influence of the Purcell
factor F and the radiative efficiency ηrad of an emitter in infinite space on the effective
radiative efficiency η∗rad in the presence of a microcavity is illustrated in Fig. 2.22.
11 F is the so-called Purcell factor.
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Figure 2.22: Effective radiative efficiency η∗rad as a function of the Purcell factor F and the ra-
diative efficiency ηrad of the emitter in infinite space. The radiative efficiency is
enhanced for F > 1 and decreased for F < 1.
The applied simulation tool requires several input parameters concerning the individ-
ual layers (thicknesses di, refractive indices ñi) and the characteristics of the emitter
(spectrum S(λ), radiative efficiency ηrad, position within the layer structure, orientation
of the emitter dipoles). Based on this input, the simulation calculates the distribution
of the power which is radiated by the dipole into a certain optical mode (described by
the wave vector κ) for a given photon energy E. As an example, Fig. 2.23 shows the
resulting power dissipation spectra for a red top-emitting OLED. The two solid lines
in Fig. 2.23 separate the power dissipation spectrum into three areas, labeled outcou-
pled, trapped, and evanescent. Only the outcoupled part of the power can escape the
device, whereas total internal reflection traps light emitted above a certain angle inside
guided modes within the organic layers. The power that is radiated into the evanescent
part of the spectrum comes from the coupling of the emitter to surface plasmons at the
interface to the metal electrode and presents a loss channel, too. The ratio of the inte-
grated power from the outcoupled part of the power dissipation spectrum to the sum of
trapped and evanescent contributions gives the outcoupling efficiency ηout which has to
be maximized in order to obtain an efficient device. A recent study with low refractive
index hole transport materials has shown that ηout can be increased without having to
increase the outcoupled power, but instead by a significant reduction of the power that
is dissipated into evanescent modes [60].
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Figure 2.23: Example of a power dissipation spectra of a red top-emitting OLED as a function of
the in-plane wave vector κ and the photon energy E. The black solid lines separate
regions of light that can be outcoupled to air, light that is trapped in waveguided
modes (WG) within the organic layers, and energy which is dissipated into surface
plasmon polariton (SPP) modes at the metal electrode interface.
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the current density in each individual sub-unit is equal. This is particularly beneficial
for the lifetime of this device type, because the required current density for a certain
brightness is lower compared to a single-EML WOLED [1, 70]. As the lifetime of OLEDs
is inversely proportional to the square (or even cube) of the current density, a moder-
ate decrease in current density can already lead to a significant lifetime enhancement.
Stacked OLEDs generate multiple photons per injected electron which means they al-
low internal quantum efficiencies above 100%. However, stacking leads to an increase in
driving voltage which is proportional to the number of EML sub-units and therefore the
power efficiency can not be higher than for a single-EML WOLED.
Stacked tandem OLED structures in principle allow for individual addressing of each
emission unit if the connection between two adjacent sub-units is designed as an elec-
trode that can be contacted. Such an intermediate electrode must be transparent and
is therefore usually either a thin metal layer [71] or a transparent conductive oxide, for
example, indium tin oxide (ITO) [67]. This kind of real-time control over the emission
spectrum is particularly interesting for lighting applications, e.g., for a work space illu-
mination that can be easily switched between cold-white for a productive environment
and warm-white for a more relaxing atmosphere. Furthermore, an RGB full-color con-
figuration in which three independent emission units are stacked on top of each other is
highly attractive for display applications, as it allows for greatly increased pixel densities
and a close-to-optimal utilization of the available display panel area for all colors.
Figure 2.24d illustrates another approach for generating white light. Similar to verti-
cally stacked white OLEDs, the design uses individual monochrome OLEDs with differ-
ent emission colors (usually red, green, and blue), however, instead of vertically stacking
them on top of each other, they are arranged in a side-by-side geometry. In contrast to
stacked OLEDs, independent addressing of each device is relatively simple to achieve,
allowing complete control over the contributions of red, green, and blue emission and
therefore the emission color. In order to perceive a homogeneous white emission, the
lateral dimensions of the individual emission units must be small, usually in the range of
a few tens of micrometers. However, structuring individual units on a micrometer scale
introduces additional processing steps and increases the complexity of fabrication.[72, 73]
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2.4 Alternating current driven
electroluminescent devices
Phosphor-based light emission from inorganic alternating current electroluminescent de-
vices (AC-ELs) has first been observed in 1936 by Destriau [74]. It then took almost
40 years until an AC-EL technology based display was presented by Inoguchi and co-
workers in 1974 [75]. The key advantages of inorganic AC-EL devices are their rugged-
ness and long-term reliability, i.e., they can operate under extreme temperatures from
-60◦ C to 105◦ C without any decrease in response time and reach lifetimes of more than
100.000 hours of continuous operation with merely 15 % brightness reduction [76]. That
is why they can often be found in industrial and medical equipment as well as in appli-
cations in the military sector [77]. AC-ELs are based on a phosphor layer which is doped
with luminescent impurities. The presence of a high field leads to impact excitation of
these impurities and the subsequent decay to the ground state results in light emission
[78]. However, due to the low photoluminescent quantum yield of inorganic phosphors
and due to the lack of full color capability - a problem which has only quite recently
been solved [79] - AC-ELs are nowadays mostly found in niche applications where their
unique properties are required. Figure 2.25 shows a typical AC-EL Display currently
manufactured by Beneq Lumineq.
Figure 2.25: Beneq Lumineq 10.4 inch AC-EL Display.
In contrast to inorganic phosphors, organic materials offer a number of advantages,
in particular a higher efficiency, easier processibility, and a wide selection of emitter
materials spanning the entire visible spectrum. Several efforts towards AC organic light-
emitting devices (AC-OLEDs) have recently been made and even white-emitting AC-
OLEDs have been successfully demonstrated [80–83]. However, the majority of these
devices rely on charge injection from one or even both electrodes and show poor per-
formance when operated in a fully insulating, capacitively coupled mode, i.e., in a con-
figuration where two insulators prevent charge injection from both electrodes. For this
particular configuration, the most promising approach in terms of brightness and effi-
ciency is a p-i-n based architecture in which a single emissive unit is surrounded by doped
hole and electron transport layers and by a pair of insulating layers; the whole stack is





3 Experimental and Methods
This chapter provides information on the implementation, fabrication, and subsequent
evaluation of the different device designs investigated in this thesis. An overview of the
materials from which the OLEDs were fabricated, as well as their most important prop-
erties can be found in Sec. 3.1. The sputtering process used for depositing the insulating
oxide below and on top of organic layers is discussed in Sec. 3.2. Section 3.3 and 3.4
focus on sample preparation and the different measurement techniques applied for sample
characterization. The final section (Sec. 3.5) provides additional information on some
quantities which are important for a thorough characterization of capacitively coupled
devices.
3.1 Materials
As mentioned in Sec. 2.3.1, the organic materials in a state-of-the-art OLED are highly
functionalized in terms of efficient injection from external electrodes, transport and
blocking of holes or electrons, blocking of excitons, and high charge-to-photon conver-
sion efficiency. All organic materials used here were small molecules purified by repeated
gradient sublimation in high vacuum prior to device fabrication.
Charge transport layer materials
For the capacitively coupled OLEDs, the hole transport layer consists of N,N’-diphenyl-
N,N’-bis(3-methylphenyl)-[1,1’-biphenyl]-4,4’-diamine (MeO-TPD), whereas 2,2’,7,7’-te-
trakis-(N,N-di-methylphenylamino)-9,9’-spirobifluorene (Spiro-TTB) was used as HTL
in the injection based devices. Both materials were doped with varying concentra-
tions of the molecular p-dopant 2,2’-(perfluoronaphthalene-2,6-diylidene)dimalononitrile
(F6TCNNQ). The LUMO level of F6TCNNQ (ELUMO = −5.37 eV [22]) is lower than the
HOMO of MeO-TPD (EHOMO = −5.1 eV [91]) and Spiro-TTB (EHOMO ≈ −5.2 eV1), the
dopant therefore accepts electrons from the matrix which leads to an increased density
of free holes. Both materials exhibit very similar conductivity values upon doping, as
shown in Fig. 3.1.
The n-type layer consists of 4,7-diphenyl-1,10-phenanthroline (BPhen) doped with
cesium. The high work function of cesium (φ = 2.14 eV [92]), which is above the LUMO
of BPhen (-3.0 eV [93]), makes it a good electron donor and therefore increases the
conductivity of this doped layer to values of 10−5 S/cm – 10−4 S/cm. The chemical
1 Determined via UPS at the IAPP.
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Figure 3.1: Conductivity comparison between the two HTL materials MeO-TPD and Spiro-TTB
upon doping with 2-, 4-, 8-, and 16-wt% F6TCNNQ.






















Figure 3.2: Chemical structure of (a) and (b) hole transport materials MeO-TPD and Spiro-TTB
with c) the respective p-dopant. d) shows the electron transport material BPhen which
is doped with cesium atoms.
Blocking layer materials
Electron- and hole-blocking layer (EBL/HBL) confine the charge carriers and excitons
to the EML. EBL materials used in this thesis were N,N’-di(naphthalen-1-yl)-N,N’-
diphenyl-benzidine (NPB or alpha-NPD) and 2,2’,7,7’-tetrakis-(N,N-diphenylamino)-
9,9’-spirobifluorene (Spiro-TAD). The hole blocking was realized using either BPhen, the
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ETL matrix material of the n side, aluminum(III) bis(2-methyl-8-quinolinato)-4-phenyl-
phenolate (BAlq2), or 2,2’,2”-(1,3,5-phenylen)tris(1-phenyl-1H-benzimidazol) (TPBi). All
HBL materials have a deep HOMO energy of EHOMO = −6.4 eV (BPhen [91]), EHOMO =
−6.1 eV (BAlq2, [94]), and EHOMO = −6.3 eV (TPBi, determined via UPS at the IAPP)
which makes them equally efficient hole blockers. However, their singlet and triplet ener-
gies are very different which is why not every EML/HBL combination is suitable in terms
of exciton confinement to the EML. The blocking layer materials have to be carefully
chosen depending on the singlet/triplet level of the adjacent emitter system. Chemical


















Figure 3.3: Chemical structure of a) and b) hole blocking materials and c) – e) electron blocking
materials, respectively.
Emission layer materials
Host materials for the phosphorescent host:guest emission layer systems were the primar-
ily hole-conducting 4,4’,4”-tris(N-carbazolyl)-triphenylamine (TCTA) and the electron-
conducting TPBi for the green and yellow phosphors iridium(III) tris(2-phenylpyridine)
(Ir(ppy)3), iridium(III) bis(2-phenylpyridine)(acetylacetonate) (Ir(ppy)2(acac)), and irid-
ium(III) bis(2-(9,9-dihexylfluorenyl)-1-pyridine)(acetylacetonate) (Ir(dhfpy)2(acac)), re-
spectively, as well as NPB for the red phosphor iridium(III) bis(2-methyldibenzo-[f,h]-
chinoxaline)(acetylacetonate) (Ir(MDQ)2(acac)). Doping concentrations were 8 wt% for
both green and the yellow phosphor and 10 wt% for the red phosphor. The chemical
structures of the host materials and the phosphorescent guest molecules are shown in
Fig. 3.4 and Fig. 3.5, respectively.
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Figure 3.5: Phosphorescent emitter molecules for a)+b) green, c) yellow, and d) red emission.
Because of the poor long-term stability of phosphorescent (deep) blue emitter sys-
tems [95, 96], the blue-emitting units in this thesis were based on fluorescent emit-
ters, which are shown in Fig. 3.6. The two bulk emitters N,N’-di-1-naphthalenyl-N,N’-
diphenyl-[1,1’:4’,1”:4”,1” ’-quaterphenyl]-4,4” ’-diamine (4P-NPD) and 4,4’-bis(1-phenyl-
1H-phenanthro[9,10-d]phenanthroimidazol-2-yl)biphenyl (PPIP) provide deep blue emis-
sion spectra with a peak emission at 426 nm for 4P-NPD and 462 nm for PPIP [97],
respectively. The third blue EML system consists of the fluorescent matrix material
2-methyl-9,10-bis(naphthalen-2-yl)anthracene (MADN) which is doped with 1.5 wt%
of the blue fluorescent dye 2,5,8,11-tetra-tert-butylperylene (TPBe). The superposition
of matrix and dopant emission results in several characteristic peaks in the spectrum










(c) MADN (d) TBPe
Figure 3.6: Chemical structures of the two blue fluorescent bulk emitters a) 4P-NPD and b) PPIP.
c) shows the fluorescent host:guest emitter system MADN:TBPe.
Electrode materials
With the exception of the vertically stacked tandem OLEDs presented in Chapter 6, all
samples are processed onto a 90 nm thick layer of indium tin oxide (ITO). This highly
conductive oxide features a work function of 4.9 eV and is highly transparent in the
visible spectral range [98]. Aluminum (Al) or silver (Ag) with their very similar work
functions of 4.28 eV (Al) and 4.26 eV (Ag) [99] are used as highly reflective counter
electrode. The highly transparent intermediate electrode used for the injection-based
AC driven OLEDs in Chapter 5, as well as for the vertically stacked tandem OLEDs in
Chapter 6, is fabricated from a combination of a thin layer of gold (Au, typically 2 nm
thick) and an additional few nanometers of Ag. This so-called wetting layer approach
has led to important progress in ITO-free organic solar cells and OLEDs [100–102] and
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3.3 Device Fabrication
The capacitively coupled devices were prepared on one inch glass substrates in a evapo-
ration cluster tool from BesTec GmbH (Germany). It features five evaporation chambers
for organic materials, one chamber for metal evaporation, a storage chamber in which up
to 16 samples can be stored under UHV conditions, and one sputter chamber for prepar-
ing the insulating layers. All these chambers are attached to a circular body in which a
central sample handler system connects all of them, making it possible to process the
complete layer structure without breaking the vacuum. Figure 3.11 shows a photograph
of this evaporation tool. The central handler is also connected to a nitrogen-filled glove-
box in which pre- and post-fabrication sample manipulations take place, e.g., applying
contact masks to the substrate or device encapsulation steps.
Figure 3.11: Multi-chamber evaporation unit showing the central handler chamber and the at-
tached deposition chambers for organic material, metal, and insulating oxides. The
evaporation tool is connected to a nitrogen-filled glovebox which allows for sample
post-processing such as encapsulation.
Each chamber holds up to eight sources of material, allowing to fabricate even the most
complex device structures. By co-evaporation of two (or more) materials, it is possible
to fabricate mixed layers featuring enhanced electron and hole transport capabilities
or to spatially separate emitter molecules inside a host material which is necessary for
phosphorescent emitter systems. The base pressure during evaporation is at approx.
10-7 mbar.
The AC driven samples based on charge injection from Chapter 5 as well as the ver-
tically stacked devices from Chapter 6 were fabricated in a single chamber tool (Kurt J.
Lesker Company, USA) where it is possible to process up to 36 samples on a 15× 15 cm
glass wafer. An adjustable shutter system can be used to address single rows/columns
of samples on the wafer which allows for variations in thickness and/or material compo-
sition of individual layers within a certain device architecture. Since these variations are
performed in one fabrication run, a high comparability between individual samples is
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power is continuously increased to 100 W which results in a deposition rate of 1.5–2 Å/s.
For the second insulating layer located on top of the electron transport layer, the power
was set to 60 . . . 70 % of its initial value to reduce sputter-induced damage to the organic
material.
All layer thicknesses were controlled by quartz crystal monitors (QCM) located above
each material source. Material deposited onto the quartz changes the resonance frequency
of the QCM. This frequency-shift is proportional to the amount of material on the quartz
and can therefore be used to determine the layer thickness. A shadow mask system
mounted between sample and material source allows for the fabrication of defined layer
structures.
The capacitively coupled and injection-based OLEDs were built on a glass substrate
(Eagle XG, n = 1.51, Corning Inc., Thin Film Devices, USA) which is coated with a
90 nm thick film of patterned, sputter-deposited indium tin oxide (ITO) with a sheet re-
sistance of approx. 30 Ω/square. The ITO substrates were cleaned in an ultrasonic bath
containing NMP3 solvent. Afterwards, the substrate was rinsed with acetone, ethanol,
and isopropanol before it was treated in an oxygen plasma. The same type of glass with-
out the pre-coated ITO layer was used for the vertically stacked samples from Chapter 6.
Usually, organic materials tend to be very sensitive to air and moisture. In order
to avoid degradation or reduced performance during measurement, all samples were
encapsulated with a small encapsulation glass lid on top of the layer structure which
was fixed with epoxy resin. This encapsulation process was performed in a glovebox






In order to obtain precise results for the device efficiency, all samples were thoroughly
measured in terms of electrical and optical behavior. The characterization of AC driven
OLEDs is slightly different to the method used for their DC driven counterparts, requir-
ing a different set of measurement quantities.
Current, Voltage, Luminance
The current-voltage-luminance (I-V-L) characteristics of the injection based devices were
measured with a Keithley 2400 source measure unit (Keithley, USA) in combination with
a fast silicon photo-diode that is calibrated by a CAS 140 CT spectrometer (Instrument
Systems GmbH, Germany). The spectrometer was also used to record the emission spec-
trum in forward direction. In order to allow for a preliminary evaluation of the samples,
the efficiencies are calculated based on the assumption of Lambertian emission which
is then later corrected by an angular dependent measurement (see next point). A suffi-
ciently high measurement speed minimizes the effect of device degradation during the
measurement cycle.
Spectral emission
A spectrogoniometer setup was used to obtain the angular emission characteristics. The
sample is mounted onto a rotary stage 15 cm away from an optical fiber, which is con-
nected to a calibrated USB spectrometer (VIS/NIR type USB4000, OceanOptics, Inc.,
USA). After aligning the sample with the fiber and entering all measurement parameters,
the control program automatically rotates the sample-holder to the specified angles ϑ
and measures the corresponding spectral radiance Ie(ϑ, λ) at this position. The angular-
resolved spectral radiance is required for a correct determination of the device efficiency,
as not every OLED shows a Lambertian emission pattern.
AC-OLED characterization
All AC driven samples in this thesis were powered by a WMA-300 voltage amplifier
(Falco Systems, Netherlands) which was fed by a low-voltage/high-frequency alternating
current signal from an arbitrary waveform generator (Modell 33220A, Agilent Technolo-
gies, USA). The electrical characteristics of the device under AC driving were measured
using a high-precision digital power meter WT1600 (Yokogawa, Japan). The WT1600
measures current I and voltage U as shown in Fig. 3.13, and additionally provides the
phase angle ϕ between these two quantities. The phase angle is a very important quantity
and strictly required for the correct calculation of the dissipated power.
Integrating sphere
The luminous flux of the injection based samples under AC conditions was obtained in
a calibrated integration sphere with a diameter of d = 250 mm (LMS-100, labsphere,
USA) as shown in Fig. 3.14. Here, the total emission of the device into all angles can
be collected at once and the luminous flux, which is required for calculating the device
efficiency, is directly accessible. In order to increase the precision of the obtained results,
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U~ Load
Rsens Usens I = Usens/Rsens
Figure 3.13: Schematic of the AC measurement setup. The resistance of Rsens is only 100 mΩ, so
the voltage drop across the sensing resistor has no negative impact on the measure-
ment accuracy.
the emission from the backside of the sample and from the substrate edges was covered
by the sample holder. Power connectionSample holder stageSpectrometer fiberLight-blocking baffle Diffuse reflective coating
Figure 3.14: Picture of the LMS-100 integrating sphere. The sample is mounted in the middle of
the sphere. Emission from the edges of the substrates as well as from the backside
of the sample is covered by the sample holder. Reprinted from [103].
Device efficiency
The devices under investigation are compared regarding their luminous efficacy (or power
efficiency) ηP and external quantum efficiency ηEQE. The luminous efficacy of a device





The luminous flux is obtained from the integration of the angular-resolved spectral radi-
ance Ie(ϑ, λ) over the wavelength and the whole emission hemisphere (ϑ = 0 . . . π and ϕ =




Ie(ϑ, λ) V (λ) sin ϑ dϑdλ . (3.3)
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Due to the rotation symmetric emission from an OLED, the ϕ-integration can be im-
mediately executed, adding a pre-factor of 2π. With the dissipated power P = U · I, the









Ie(ϑ, λ) V (λ) sin ϑ dϑdλ . (3.4)
The corresponding unit of measurement is lumens per Watt [lm/W]. ηP represents a
photometric quantity, meaning that the eye sensitivity function V (λ) is taken into ac-
count. Therefore, if the emission spectrum of the OLED had no overlap with V (λ), e.g.,
for emission in the ultra-violet or infrared part of the electromagnetic spectrum, the
luminous efficacy would be zero.
If the OLED shows lambertian emission, Ie can be written as Ie(ϑ, λ) = Ie,ϑ0(λ) · cosϑ,
where Ie,ϑ0(λ) is the spectral radiance under forward emission. As Ie,ϑ0(λ) is independent
from ϑ, the ϑ-integration can be carried out, contributing a factor of 1/2. Applying










where Iv,ϑ0(λ) is the spectral luminous intensity in forward direction. This value inte-
grated over all wavelengths results in Iv,ϑ0 (luminous intensity in forward direction). By
applying relation 2.41, the power efficiency under Lambertian assumption can finally be





where A is the active area of the device.
In contrast, the external quantum efficiency ηEQE is a radiometric quantity. It describes
the ratio of extracted photons nγ to the number of injected electrons ne and can also










λIe(ϑ, λ) sin ϑ dϑdλ . (3.7)
In case of the capacitively coupled OLEDs, only the power efficiency is given, as no
charge carriers are injected into the device.
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3.5 Basics of AC Measurements
In contrast to DC voltage, which is constant as long as no external influence forces
its value to change, a typical AC voltage signal periodically switches from positive to
negative values. The most common AC signal is a sine wave, although other shapes,
like square or triangular waves, exist. This section will focus on sinusoidal waveforms,
since they are predominantly used in this thesis. However, the majority of technical
parameters used to describe a sinusoidal AC signal can be applied to other waveform









Figure 3.15: Two sinusoidal AC signals and the corresponding quantities for description. In this
example, u(t) and i(t) exhibit a phase shift ϕ to each other.
For the examplary sine wave signals given in Fig. 3.15, the time-dependent functions
for voltage u(t) and current i(t) can be written as
u(t) = Up sin(ωt), i(t) = Ip sin(ωt− ϕ) , (3.8)
where Up/Ip is the peak voltage/current, ω the angular frequency, t the time, and ϕ
is a phase shift between u(t) and i(t). The angular frequency ω can also be written as
ω = 2π/T , using the period T which is defined as the time the signal needs to complete
a full cycle. By lowering T , more cycles might be performed in the same time frame,




, ω = 2πf . (3.9)
From the illustration in Fig. 3.15, one can see that for most of the time the value
of an AC voltage/current is less than the peak voltage, which is obviously not a good
measure of its effect on a system. The most common method of defining the effective
voltage/current of an AC signal, is the so-called root-mean-square (rms) value, which is
the square root of the arithmetic mean of the square of the waveform function w(t) over







[w(t)]2 dt . (3.10)
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For example, the domestic electrification in Europe provides 230 Vrms; the actual peak
voltage is 325 V. Different shapes of an AC waveform lead to different scaling factors
between peak and rms value, e.g., 1/
√
3 for a triangle wave and 1 for a square wave
signal. The rms value of a varying AC signal is the equivalent to a steady DC signal
which provides the same effect. For example, a 100 Vrms AC power supply connected to
a resistive load would produce the same amount of heat as the same resistor connected
to a 100 V DC source.
The power p(t) dissipated by an AC driven system is given by the product of voltage
u(t) and current i(t), similar to the DC case. However, for AC signals, it is usually more






p(t) dt with p(t) = u(t) · i(t) . (3.12)
For the simple case of u(t) and i(t) being both sine wave functions with the same
argument (ϕ = 0◦), p(t) is only zero when both functions reverse their polarity, for
all other values of t it is p(t) > 0. The average power P̄avg is therefore always positive,
meaning that the energy flows in only one direction. Such systems where u(t) and i(t) are
"in phase" are called resistive. However, certain electronic components, e.g., capacitors
or inductors, exhibit a capacitive or inductive behavior, both resulting in a phase shift ϕ
of ±90◦4 between u(t) and i(t). As a consequence, p(t) = u(t) ·i(t) is now positive for one
half cycle of the AC signal, whereas it is negative for the other half of the cycle, resulting
in P̄avg = 0. This means, that the same amount of energy which flows towards the load,
is transferred back within the same cycle or in other words, power is not dissipated in
such systems, but is alternately absorbed from and returned to the source. For phase
angles ϕ < 90◦, a certain amount of power is being used, or dissipated, by the load. This
amount can be calculated from the cosine of the phase angle and from the rms values of
voltage and current, according to the following equation
P̄avg = Urms · Irms · cosϕ . (3.13)
Impedance, resistance, reactance
In contrast to a resistor, which has the same properties for DC and AC, capacitor
and inductor exhibit a frequency-dependent behavior. While the capacitor opposes the
change of voltage due to the electric field built up by the stored charges, the magnetic
field of the inductor opposes the change of current. The quantity measuring "how much"
4 +90◦ for capacitive, -90◦ for inductive devices
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As discussed in Sec. 2.4, Zener tunneling is proposed as the most probable mechanism
to generate free charge carriers for the next emissive cycle in an AC-OLED. The tun-
neling mechanism strongly depends on the electric field across the intrinsic layers within
the pin based AC-OLED. This field can be tuned by the capacitance of the insulating
layers as well as the thickness of the intrinsic organic layers. In the next sections, the
influence of several critical device and driving parameters on the performance of pin
based AC-OLEDs is studied. Section 4.1 introduces a three-capacitor model to theoret-
ically describe and predict changes in the operation behavior upon variation of various
device parameters. The following Secs. 4.1.1 and 4.1.2 investigate the effect of different
thicknesses of the insulating layers and intrinsic organic layers, respectively, on the driv-
ing voltage of AC-OLEDs. These findings are compared to theoretical predictions based
on the sample geometry, material constants, and the assumption of Zener tunneling as
the most probable mechanism for charge regeneration. The impact of asymmetric voltage
levels of forward and reverse bias on the device performance is discussed in Sec. 4.1.3.
The final section of this chapter (Sec. 4.2) introduces a novel approach to obtain white
emission by alternating emission of different colors under high frequency. The obtained
results present the basis for the following chapters on injection-based AC driven OLEDs.
4.1 Critical Device Parameters
A three-capacitor model is applied to describe the influence of various device parameters,
e.g., insulating layer thickness, intrinsic organic layer thickness, or the shape of the
driving signal, on the operation behavior. As schematically shown in Fig. 4.1, the three
capacitors within a typical pin AC-OLED device are represented by the two insulating
oxide layers located below the p-doped HTL and above the n-doped ETL, as well as the
intrinsic organic material, that is EBL, EML, and HBL. The capacitors are connected
in series which means that the transferred charge Q is constant and given by
Q = C1 ·∆U1 = C2 ·∆U2 = . . . = constant , (4.1)
where Ci is the capacitance and ∆Ui the voltage drop across the corresponding ca-
pacitor. The electrodes as well as HTL and ETL are highly conductive, thus the voltage




4 Capacitively Coupled AC Driven OLEDsWavelength (nm)500 600 700 Wavelength (nm)500 600 700Intensity (a.u.) 00.20.40.60.81 Wavelength (nm)500 600 700 0°10°20°30°40°50°60°70°80°Wavelength (nm)500 600 700dox = 120nm dox = 140nm dox = 160nm dox = 180nm
Figure 4.3: Spectral emission under different angles for the devices under investigation. By adjust-
ing the HTL and ETL thickness to compensate optical changes due to the variation
of the insulating layer thickness, comparable emission characteristics were achieved.
Figure 4.4 shows the voltage-luminance characteristics and the field strength derived
from these characteristics to reach (i) the onset of light emission, (ii) a brightness of
100 cd/m2, and (iii) a brightness of 1000 cd/m2 as a function of the insulator thickness.Luminance (cd/m2 ) 100101102103 Voltage (V)5 10 15 20 25 30 35 40120nm140nm160nm180nm
(a)
Field (MV/cm) 22.533.544.555.56 dorg (nm)120 140 160 1801000 cd/m2100 cd/m2onset (1 cd/m2)
(b)
Figure 4.4: Electrical characteristics of a series of AC-OLEDs with different thicknesses of the
insulating HfO2 oxide layers and a constant intrinsic layer thickness of 25 nm. (a)
Voltage-luminance characteristics and (b) field strength derived from these charac-
teristics to reach the light emission onset, 100 cd/m2, and 1000 cd/m2, shown as a
function of the insulator thickness. The frequency of the driving signal was 5 kHz for
this measurement.
The general shape of the voltage-luminance curves remains identical for all thicknesses,
however, the voltage required to achieve a certain brightness can be considerably reduced
when reducing the thickness of the insulating layers (Fig. 4.4a). A 20 nm reduction in
insulating layer thickness leads to a decrease in driving voltage by approximately 1.5–2 V,
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which is in good agreement with calculations based on Eq. 4.4. In the luminance curves,
two distinct regions can be identified. The first region (approx. 1–10 cd/m2), for which
the luminance is only slowly increasing with voltage, is mainly governed by small residual
leakage currents and not tunneling. This parasitic leakage current regime is also present
in low-gap organic tunnel diodes [28, 89]. The second regime (>10 cd/m2), for which the
slope of the luminance curve is greatly increased, can be ascribed to the Zener tunneling
regime where tunneling currents are the major contribution to charge regeneration. The
transition from the first to the second is defined as the onset of tunneling. Interestingly,
the field strength at the onset is close to 3.05 MV/cm for all four samples (cf. Fig. 4.4b).
This value is in good agreement with theory according to which the transition to the
tunneling regime is supposed to occur at around 3 MV/cm (cf. Sec. 2.4). The field
required for a luminance of 100 cd/m2 and 1000 cd/m2 is 3.8–3.9 MV/cm and 5.5–
5.6 MV/cm, respectively, and is also given in Fig. 4.4b. Similar as for the onset of
luminance, these field strengths are nearly identical for all insulating layer thicknesses
investigated here. The field across the oxide is well below the breakdown field strength Fb
for HfO2 (Fb ≈ 1−2 MV/cm), i.e., even for high brightness values of around 1000 cd/m2,
Fox is only in the range of 0.7 MV/cm.
In order to further validate the three-capacitor model for these devices, the impedance
was measured as a function of the driving voltage. The impedance at low voltages, which
are well below the onset of light emission, is consistent with the theoretically predicted
value for the respective layer thicknesses for all samples in this study. A comparison
between calculated impedance Zcalc2 and experimentally measured impedance Zexp at a
voltage of 5 Vrms is given in Tab. 4.1.
dox 180 nm 160 nm 140 nm 120 nm
Zcalc 14.8 kΩ 13.8 kΩ 12.7 kΩ 11.7 kΩ
Zexp 14.6 kΩ 13.6 kΩ 12.4 kΩ 11.4 kΩ
Table 4.1: Calculated (Zcalc) and experimentally obtained (Zexp) device impedance for a fre-
quency of 5 kHz at a voltage of 5 Vrms for the different insulating layer thicknesses.
Figure 4.5a shows the device impedance for the different insulating layer thicknesses
over the complete voltage range. The tunneling onset can be clearly distinguished as a
sudden drop in impedance at a voltage which coincides with the onset voltage derived
from the luminance curves (cf. Fig. 4.4a). At this point, the intrinsic organic layers lose
their capacitive nature due to injection into this formerly depleted region. The overall
device capacitance increases and the measured impedance is reduced accordingly (cf.
Eq. 3.14).
The luminous efficacy, as shown in Fig. 4.5b, is increased by up to 20% for thinner
insulating layers. This gain in efficiency is attributed primarily to the 23% reduction in
2 These values were calculated for the measurement frequency of 5 kHz using only the sample ge-
ometry and the dielectric constants of the involved materials.
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4 Capacitively Coupled AC Driven OLEDsImpedance (kOhm) 468101214 Voltage (V)5 10 15 20 25 30 35 40120nm140nm160nm180nm
(a)
Luminous efficacy (lm/W) 0.40.60.811.2 Luminance (cd/m 2)0 200 400 600 800 1,000120nm140nm160nm180nm
(b)
Figure 4.5: (a) Voltage-impedance characteristics and (b) luminous efficacy as a function of the
luminance for the different devices under investigation.
driving voltage since the outcoupling efficiency is nearly identical for all four samples.
Reducing the insulating layer thickness below 120 nm can lead to further improvements
in driving voltage and efficiency, however, thin oxide layers are prone to increased leakage
currents which result in lowering the luminous efficacy of the device. Alternatively, using
an insulating material with a higher dielectric constant also leads to a reduced operating
voltage and increased device efficiency. Considering the already high dielectric constant
of HfO2, the list of possible material candidates is relatively short. Materials with even
higher dielectric constants, such as titanium dioxide (TiO2) or barium titanate (BaTiO3),
usually have a low band gap in the range of 3.2–3.5 eV [88] which is not sufficient to
prevent electrons and holes from entering the device.
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thicknesses and again agree with the expected value of ≈ 3 MV/cm. For 100 cd/m2 and
1000 cd/m2, the respective field strength has to be as high as 3.7–3.9 MV/cm and 5.5–
5.6 MV/cm, respectively. The field across the insulating layer is again below 0.7 MV/cmLuminance (cd/m2 ) 100101102103 Voltage (V)5 10 15 20 25 30 35 4025nm30nm35nm40nm
(a)
Field (MV/cm) 22.533.544.555.56 dorg (nm)25 30 35 401000 cd/m2100 cd/m2onset (1 cd/m 2)
(b)
Figure 4.7: Electrical characteristics of a series of AC-OLEDs with different thicknesses of the
intrinsic organic layers, that is EBL, EML, and HBL, and constant thicknesses of
the HfO2 oxide layers of 120 nm. (a) Voltage-luminance characteristics and (b) field
strength derived from these characteristics to reach the onset of light emission, as
well as luminance levels of 100 cd/m2 and 1000 cd/m2, shown as a function of the
intrinsic organic layer thickness. The frequency of the driving signal was 5 kHz for
this measurement.
and therefore not critical in terms of oxide breakthrough or leakage currents. Table 4.2
shows a comparison between measured impedance Zexp at a driving voltage of 5 Vrms and
the calculated impedance Zcalc, using the sample geometry and the dielectric constants
of the involved materials for a frequency of 5 kHz.
dorg 40 nm 35 nm 30 nm 25 nm
Zcalc 14.9 kΩ 13.8 kΩ 12.8 kΩ 11.7 kΩ
Zexp 15.0 kΩ 13.9 kΩ 12.5 kΩ 11.4 kΩ
Table 4.2: Calculated (Zcalc) and experimentally obtained (Zexp) device impedance for a fre-
quency of 5 kHz at a voltage of 5 Vrms for the different intrinsic organic layer thick-
nesses.
There is again a very good agreement between theory and experiment, similar to the
sample series having different insulator thicknesses, as shown in the previous section (cf.
Tab. 4.1). The device impedance over the complete voltage range for all four samples
is shown in Fig. 4.8a. The drop in impedance coincides with the onset voltage for light
emission (cf. Fig. 4.7a) and indicates at which voltage Zener tunneling sets in.
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4.1 Critical Device ParametersImpedance (kOhm) 468101214 Voltage (V)5 10 15 20 25 30 35 4025nm30nm35nm40nm
(a)
Luminous efficacy (lm/W) 0.40.60.811.2 Luminance (cd/m 2)0 200 400 600 800 1,00025nm30nm35nm40nm
(b)
Figure 4.8: (a) Voltage-impedance characteristics and (b) luminous efficacy as a function of the
luminance for the different thicknesses of the intrinsic organic layers.
As shown in Fig. 4.8b, the device efficiency increases for decreasing thickness of the
intrinsic organic layers. Reducing their thickness from 40 nm to 25 nm yields a 27%
lower driving voltage which translates to an efficiency gain of approximately 23%.
However, there is a limit to further reduction of the intrinsic organic layers as emis-
sion layer and blocking layers require a certain minimum thickness for efficient exciton
generation and exciton blocking. Using an alternative EML concept based on ultra-thin,
undoped emissive layers [104] instead of a host:guest emitter system could possibly re-
duce the thickness of the intrinsic zone by a few more nanometers, which would result
in an additional efficiency gain of around 20%.
A reduction in thickness of the insulating layers and intrinsic organic layers was shown
to result in an increase in power efficiency by approximately 20–23%. However, although
the relative enhancement is rather high, the absolute power efficiency of only 1–1.2 lm/W
remains low compared to the much more mature DC OLED technology. Further improve-
ments seem possible, e.g., by improving the oxide deposition process to allow for thinner
insulating layers with low leakage current contributions or by applying different EML
concepts to reduce the thickness of the intrinsic organic layers, nevertheless, there is
a limit to what can be achieved. For a hypothetical device with an oxide thickness of
merely dox = 10 nm and a combined thickness of the intrinsic organic layers of only
dorg = 5 nm, the estimated power efficiency would still be only around 8–9 lm/W and
therefore lower by a factor of four compared to conventional DC driven OLEDs [105]. As
such thin layers are not applicable in a meaningful way, other methods must be explored
in order to improve the efficiency of AC-OLEDs.
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4.1.3 Pulse Variation Measurements
The required voltage to drive free charge carriers towards the emission zone under for-
ward bias conditions is much lower than the necessary voltage for efficient tunneling
during the negative half-cycle of the driving signal. A field of around 0.7 MV/cm across
the intrinsic organic layers in a standard pin type OLED is already sufficient to obtain
a brightness of well over 100 cd/m2 [106], however, as the previous sections have shown,
Zener tunneling requires fields of 3 MV/cm and more for efficient charge regeneration
in AC-OLEDs. Modifying the form of the AC driving signal such that positive and neg-
ative half-cycle are not symmetric to each other might allow for a more efficient device
driving. Here, an asymmetric driving of AC-OLEDs with different voltages and/or pulse
lengths for positive and negative half-cycle is investigated. In order to have more precise
control over the shape of the waveform, a square wave signal was used, instead of a
sinusoidal driving signal. The device architecture is the same as shown in Fig. 4.6 of
the previous section. The insulating layer thickness was 120 nm, the intrinsic organic
layer thickness was 25 nm. HTL and ETL thickness were optimized to dHTL = 88 nm
and dETL = 108 nm. The calculated outcoupling efficiency was 27.2%. The first se-
ries of measurement investigates different heights of positive and negative half-cycle of
the driving signal, as shown in Fig. 4.9a. Here, the reverse voltage Urvs was step-wise
increased from Urvs = Ufwd to Urvs = 1.32 · Ufwd, whereas the forward voltage Ufwd re-
mained constant. The length tfwd and trvs of positive and negative half-cycle was fixed
to tfwd = tfwd = 100 µs which corresponds to a frequency of 5 kHz.Drivingvoltage(V)
−40−30−20−100102030 Time (μs)100 150 200 250 300Ufwd(const.) Urvs tfwd trvs = tfwd
(a)
Drivingvoltage(V)
−30−20−100102030 Time (μs)0 100 200 300 400 500tfwd(const.) trvsUrvs Ufwd = Urvs
(b)
Figure 4.9: (a) Pulse height modulation. The voltage Urvs of the negative half-cycle was increased
whereas the forward voltage Ufwd remained constant. (b) Pulse width modulation. The
length of the negative half-cycle trvs was varied while keeping tfwd constant.
Figure 4.9b illustrates the second set of measurements in which the length trvs of the
negative half-cycle was varied, whereas the length tfwd of the positive half-cycle, as well
as the applied forward/reverse voltage Ufwd/rvs were kept constant. The ratio between
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the forward and reverse pulse length was changed from a symmetrical square wave signal
(trvs/tfwd = 1, tfwd = tfwd = 100 µs) to a reverse pulse which was four times longer than
the forward pulse (trvs/tfwd = 4, tfwd = 100 µs, trvs = 400 µs).
For both types of experiments, the relative and absolute change in luminance and
luminous efficacy in relation to their respective initial values were recorded. In both
cases, the initial luminance is approximately 220 cd/m2. Because the transition from
sinusoidal to a square wave signal means more electrical stress for the device, a small
loss in power efficiency due to increased leakage currents can be observed. Instead of
1.2 lm/W at 220 cd/m2 (cf. Fig. 4.5b and Fig. 4.8b shown in the previous sections),
the initial efficiency for a fully symmetric square wave driving signal is reduced to 1.13–
1.15 lm/W.
Figure 4.10a shows the change in device brightness for increasing ratios Urvs/Ufwd. For
an 8% increase in reverse voltage, the recorded brightness gain is 31.3%. Higher ratiosLuminance (cd/m2 ) 200250300350400450 Ratio Urvs/Ufwd1.00 1.08 1.16 1.24 1.32+31.3% +21.1%+15.2%+8%max. luminance gain: +97.8%@ Urvs/Ufwd = 1.32
(a)
Luminous efficacy (lm/W) 0.911.11.21.31.4 Ratio Urvs/Ufwd1.00 1.08 1.16 1.24 1.32+11.9%+4.6% -3.8%-24.7%max. luminous efficacygain: +17.0% @ Urvs/Ufwd = 1.16
(b)
Figure 4.10: (a) Luminance and (b) luminous efficacy as a function of the ratio Urvs/Ufwd be-
tween forward and reverse voltage. The luminance increases continuously for higher
Urvs/Ufwd ratios, reaching a maximum gain of 97.8% for the highest Urvs/Ufwd ratio.
However, the luminous efficacy shows a maximum at Urvs/Ufwd = 1.16 and then
quickly drops.
lead to more luminous output, however, the gain per increase in reverse voltage becomes
smaller and seems to run into saturation. At a ratio of Urvs/Ufwd = 1.32, the gain in
brightness is as high as 97.8%, i.e., for a 32% higher reverse voltage, the luminance is
almost doubled. A slightly different behavior is observed for the luminous efficacy which
is shown in Fig. 4.10b. Here, at first, the efficiency also starts to increase for higher
Urvs/Ufwd ratios. However, for ratios above Urvs/Ufwd = 1.16, the luminous efficacy begins
to decrease again. For Urvs/Ufwd = 1.32, the efficiency is even 15% below the initial value
obtained at a symmetrical square wave driving signal. The reason is the increasingly
unfavorable ratio between the decreasing luminance gain per increase in reverse voltage
to the leakage current increase which comes with higher reverse voltages. The maximum
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efficiency gain of 17% (1.15 lm/W → 1.35 lm/W) can be found at Urvs/Ufwd = 1.16
and therefore does not coincide with the maximum luminance gain at Urvs/Ufwd = 1.32.
However, the luminance gain at the point of highest efficiency is still as high as 58.9%.
The change in luminance and luminous efficacy for different pulse lengths of the neg-
ative half-cycle is shown in Fig. 4.11a and Fig. 4.11b, respectively. Similar to the ex-
periments with increasing reverse/forward voltage ratios (cf. Fig. 4.10a), a continuous
increase in brightness for increasing trvs/tfwd ratios is observed. Again, the luminanceLuminance (cd/m2 ) 200240280320360 +33.8% +13.7% +8.1%max. luminance gain: +64.4%@ trvs/tfwd = 4
(a)
Luminous efficacy (lm/W) 1.11.21.31.41.5 1 2 3 4Ratio trvs/tfwdmax. luminous efficacygain: +24.1% @ trvs/tfwd = 3+18.9%+4.3% -8.3%
(b)
Figure 4.11: (a) Luminance and (b) luminous efficacy as a function of the ratio trvs/tfwd between
forward and reverse pulse length. The luminance steadily increases, reaching a gain of
64.4% at trvs/tfwd = 4. The luminous efficacy, on the other hand, shows a maximum
at trvs/tfwd = 3 after which its value starts to decrease again.
gain seems to saturate for longer reverse pulse lengths which can be explained by the
limited capacity of HTL/ETL and oxide interface to store charge carriers generated by
the tunneling process. The maximum luminance gain of 64.4% is obtained for the largest
pulse length ratio of trvs/tfwd = 4. The luminous efficacy for different pulse length ratios
is shown in Fig. 4.11b. A maximum increase of 24.1% (1.13 lm/W → 1.4 lm/W) is ob-
tained at a ratio of trvs/tfwd = 3, whereas for higher ratios, the efficiency goes down again.
However, compared to the 17% increase in efficiency under pulse height modulation, the
achieved gain under pulse width modulation is higher, even though the luminance gain
at the point of maximum efficiency is smaller (58.9% at Urvs/Ufwd = 1.16 vs. 52.1% at
trvs/tfwd = 3). The most likely explanation for this behavior is that in case of pulse
length modulation, the voltage of neither positive nor negative half-cycle was increased.
Increasing leakage currents causing the early drop in efficiency, as observed for the pulse
height variation method (cf. Fig. 4.10b), are therefore greatly reduced which allows for
a higher maximum efficiency gain.
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In this section, the degrees of freedom provided by driving a device with an AC signal
were used to enhance the performance and efficiency of AC-OLEDs. With regard to the
emissive part within an AC-OLED structure, which is a diode that behaves differently
under forward and reverse bias, an asymmetry in shape between positive and negative
half-cycle was introduced. This asymmetry was either a different ratio between forward
and reverse voltage or a different pulse width for each of the two half-cycles of the signal.
Even a combination of both — although not investigated here — is possible. As it was
shown, increasing the voltage of the negative half-cycle by 16% relative to the positive
half-cycle, the luminance and luminous efficacy could be increased by 58.9% (224 cd/m2
→ 356 cd/m2) and 17% (1.15 lm/W → 1.35 lm/W), respectively. Similar to that, a 1:3
ratio between forward and reverse pulse length led to a brightness increase of 52.1%
(219 cd/m2 → 333 cd/m2) and a gain in efficiency of 24.1% (1.13 lm/W → 1.4 lm/W).
It is assumed that the values found here for the pulse height/width ratio strongly
depend on the frequency of the driving signal. In a simple model, the device can be seen
as a capacitor, that is continuously discharged (light emission) and charged (tunneling
current). The discharging process during the positive half-cycle will be much faster as
the diode between the two insulators is biased in forward direction and lets more current
pass compared to reverse bias conditions at the same voltage. With a smaller tunneling
current restoring charges, the charging process will take a longer amount of time. As a
result, the pulse width ratio is expected to decrease for lower frequencies and increase
for higher frequencies. In case of the frequency dependence of pulse height modulation,
the effect is probably smaller, as an increase in reverse voltage will always lead to higher
charge regeneration currents.
A thorough investigation of these assumptions could, however, not be performed at
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increases and reaches 1000 cd/m2 at 35 Vrms, i.e. a three orders of magnitude increase.
Across the same voltage range, the leakage current density merely increases from 2.53 ·
10−3 mA/cm2 to 1.85 · 10−2 mA/cm2 (Fig. 4.14b). Furthermore, no light emission is
detected when a DC bias is applied instead of the AC signal. Direct charge injection
from the electrodes can therefore be ruled out as the main source of free charge carriers
within the device.Luminance (cd/m2 ) 100101102103 Voltage (V rms)10 15 20 25 30 35
(a)
Current density (μA/cm2 ) 05101520 DC voltage (V)10 15 20 25 30 35
(b)
Figure 4.14: (a) Luminance as function of the AC rms voltage applied to the device for a driving
signal frequency of 2 kHz. The onset of light emission is at approx. 14 Vrms. (b)
Leakage current density for the voltage range in which light emission is observed.
The application of a DC bias does not lead to detectable emission from the device.
The geometrical capacitance of the insulating HfO2 and intrinsic emissive layers can be
easily calculated from their thickness d, dielectric constant k, and the active device area A
[110]. The value for k is 23 in case of the insulating oxide layers3 and approximately 3 for
the intrinsic organic layers. The contribution of all four capacitances can be combined
in an effective capacitance Ce, which has a value of approximately 1.74 nF for the
white AC-OLEDs under investigation. Ce can now be used to calculate the capacitive
reactance X, given by X = (2πfCe)−1, which is – in the ideal case – equal to the device
impedance Z. Using the aforementioned equation, the device reactance is calculated to
X = 45.7 kΩ. The impedance Z, reactance X, and resistance R measured at a frequency
of 2 kHz are given in Fig. 4.15a, showing that Z and X are close to the theoretically
predicted values. Such good agreement of theory and experiment is not only a strong
indication of precisely controlled layer thicknesses, but also for the absence of inductive
loss channels or parasitic Ohmic leakage. It furthermore demonstrates that the simple
three-capacitor model introduced in Secs. 4.1.1 and 4.1.2 can be easily extended to more
complex systems, in this case a series connection of four capacitances. Figure 4.15b
shows the phase angle as a function of the driving voltage. For voltages below 20 Vrms,
3 The dielectric constant k of sputter-deposited HfO2 was determined by impedance spectroscopy
on single layers of HfO2.
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the device exhibits capacitive behavior indicated by a phase angle close to 90◦. When
the voltage is increased, the device dissipates an increasing amount of power in the form
of light and the phase angle decreases.Z, X, R (kOhm) 01020304050 Voltage (V rms)10 15 20 25 30 35 Impedance Z Reactance X Resistance R
(a)
φ (deg) 60657075808590 Voltage (V rms)10 15 20 25 30 35
(b)
Figure 4.15: (a) Impedance Z, reactance X, and resistance R as a function of the device voltage
and (b) the phase angle ϕ for the same voltage regime. The measurements were
performed at a frequency of 2 kHz.
Spectral emission
Angular dependent emission spectra of the investigated device at a luminance level of
798 cd/m2 are plotted in Fig. 4.16a. Contributions from all three emitter systems can
be identified, indicating that both emission units are fully functional. The red peak
dominates the emission spectra up to viewing angles of around 30◦. For higher angles,
both blue and red emission decrease more rapidly compared to the green emission, re-
sulting in a shift in color from warm-white to greenish. This shift is also reflected in
the angle dependence of the CIE coordinates (Fig. 4.16b). Such pronounced spectral
changes with increasing viewing angle were also reported for DC-OLEDs with similar
layer architecture [111]. The color stability of these devices can be improved, for ex-
ample, by replacing ITO with a light scattering transparent electrode or applying an
index-matched microlens foil as integrating element [111, 112]. Warm-white emission
is obtained in forward direction, with color coordinates of (0.43, 0.44) which are close
the standard illuminant A (0.45, 0.41). The color rendering index is 76.5 and therefore
suitable for solid state lighting applications.
Time-resolved emission
For a deeper investigation of the device principle based on alternating green and purple
emission, the time-dependent emission was recorded by a photodiode mounted on top of
the AC-OLED. Figure 4.17a shows time-resolved measurements of the driving voltage
as well as of the light emitted from the device. As expected and in contrast to previous
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4 Capacitively Coupled AC Driven OLEDsEmission intensity (a.u.) 00.20.40.60.81 Wavelength (nm)400 450 500 550 600 650 700 0°10°20°30°40°50°60°70°80°
(a)
CIE x/y 0.280.320.360.40.440.480.520.56 Viewing angle (°)0 10 20 30 40 50 60 70 802 kHz/5 kHz/ CIE x/ CIE y
(b)
Figure 4.16: (a) Spectra of white AC-OLEDs, obtained for a root-mean-square AC drive voltage of
32.5 V and a modulation frequency of 2 kHz resulting in a brightness of 798 cd/m2.
The contribution of the red, green, and blue emitter system can be easily distin-
guished. Although the red peak dominates the spectrum in forward direction, higher
angle emission is characterized by a strong contribution of the green emitter. (b)
Angle dependent CIE coordinates measured at a 0◦-brightness of 798 cd/m2 for
frequencies of 2 kHz and 5 kHz. The forward emission shows warm-white color co-
ordinates (0.43, 0.44) and a high CRI of 76.5. There is no noticeable change in the
CIE coordinates with frequency.
results obtained with p-i-n AC-OLEDs [84, 86, 87], light emission is observed during
both half-cycles of the sinusoidal driving signal with a similar intensity and duration.
The polarity of the positive half-cycle (ITO as anode, Al as cathode) provides the
correct bias to drive the purple emission unit whereas the negative half-cycle provides
correct polarity (ITO as cathode, Al as anode) for the green emission unit while it enables
charge regeneration of the purple unit. In order to prove that purple emission indeed
occurs only during the positive half-cycle and that green emission is generated during
the negative part of the cycle, an optical filter is inserted between sample and photodi-
ode. This filter blocks light with a wavelength below 570 nm while being transparent for
wavelengths above 570 nm, i.e. to the emission from the red Ir(MDQ)2(acac) emitter in
the purple unit. As expected, the signal during the negative half-cycle is reduced signif-
icantly. However, the pulse is not completely suppressed, but remains at approximately
30% of its initial intensity. This is attributed to the broad emission spectrum of the
Ir(ppy)3 green emitter which extends well beyond 570 nm so that the emission from the
green unit is still partly transmitted. The influence of the optical filter on the purple
emission is very small. A magnified plot of the upper part of this particular light pulse,
as shown in Fig. 4.17b, reveals a slight decrease in emission intensity caused by the filter
blocking also the blue spectral contribution. However, as the used photodiode is much
more sensitive to red light than to blue light, the impact of the filter blocking the blue
emission is only relatively minor.
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Although this efficiency is low compared to the much more mature DC OLED technology
[111], there is scope for improvements in performance, in particular through gaining a
deeper understanding of the interaction between regenerative tunneling process in one
sub-unit and the simultaneous light emission from the other sub-unit. The application
of light outcoupling structures, such as glass half-spheres and scattering foils, might also
lead to higher efficiencies. Luminous efficacy (lm/W) 0.010.11 Luminance (cd/m 2)0 200 400 600 800 1,000
Figure 4.19: Luminous efficacy as a function of luminance. A constant efficacy of 1 lm/W is held
over a wide luminance range.
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The previous section on capacitively coupled AC-OLEDs suggests that the device perfor-
mance increases for thinner insulating layers, i.e., a higher insulating layer capacitance.
The extreme case would be an infinitely high/thin insulating layer capacitance/thickness
which ultimately corresponds to charge injection into the device from external electrodes
as it will be discussed this chapter. Again, one of the primary goals was to improve the
device efficiency by having light emission during both positive and negative half-cycle —
similar to what has already been shown in Chapter 4.2. Since conventional pin-OLEDs
would only emit during one half-cycle of an AC signal, an improved device design was
required, allowing for light emission during both half-cycles. In order to distinguish the
devices shown here from capacitively coupled AC-OLEDs, which were discussed in Chap-
ter 4 and operate without direct charge injection from the electrodes, they are referred to
as AC driven direct-current (DC) OLEDs, or AC/DC OLEDs. The general principle of
operation of these AC/DC OLEDs will be explained in Sec. 5.1. A practical demonstra-
tion of the concept will then be given in Sec. 5.2 at the example of a two-color device,
containing a blue-emitting and a yellow-emitting unit. In Sec. 5.3, strategies to improve
the color rendering index while at the same time trying to maintain the high efficiency
of the blue-yellow two-color device will be described. The last section also highlights the
great versatility of the presented approach in terms of possible emitter combinations.
5.1 Device Concept and Color Tuning
The device architecture of an AC/DC OLED comprises two pin-OLEDs of arbitrary
color, stacked on top of each other as shown in the device schematic in Fig. 5.1. Up
to this point, the device is comparable to the capacitively coupled white AC-OLED
concept demonstrated in Chapter 4.2. However, internally, the device now contains three
electrodes (labeled E1, E2, and E3 in Fig. 5.1) and no insulating layers to prevent charge
injection. Electrodes E1 and E3 are electrically connected inside the device and thus are
at the same potential upon application of a voltage and can be addressed via a single
external contact. The electrical connection between E1 and E3 is achieved by using the
same shadow mask for fabrication of E1/E3. E2 is the independent counter-electrode
to E1/E3 and is introduced between upper and lower emission unit. To allow light
outcoupling from the yellow emitting sub-unit, the intermediate electrode E2 must be
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(cf. Sec. 2.3.2) to ensure that each emitter is placed in the field maximum of its respective
peak emission wavelength. The position of each emitter layer and the evolution of the
electric field within the cavity at the peak emission wavelength of the corresponding
emitter are shown in Fig. 5.4b.
5.2.1 DC Operation behavior
The electrode design of the AC/DC OLEDs allows to independently investigate the
electrical and optical characteristics of the yellow- and blue-emitting units under DC
conditions by changing the polarity of the applied voltage. Figure 5.5 presents the current
density-voltage-luminance (j-V-L) characteristics for each individual emission unit. For
negative voltages, the yellow unit is biased in forward direction whereas the blue unit
is biased in reverse direction; vice versa for positive voltages. Only very low leakage10−410−310−210−1100101102 Luminance (cd/m2 )101102103Voltage (V)1 2 3 4Luminance (cd/m2 ) 100101102103104105 Current density (mA/cm2 )10−410−310−210−1100101102Voltage (V)−4 −3 −2 −1yellow unit blue unit
Figure 5.5: Current density and luminance as a function of the voltage for the yellow-emitting
unit and blue-emitting unit.
currents in the range of 10−4 mA/cm2 were measured for both emitting units. It is
worth noting here, that due to the electrode design, the current density curve of one unit
always includes the leakage currents of the opposite unit. However, in the relevant voltage
regime where light emission from the forward-biased unit is observed, the leakage currents
through the reverse-biased opposite unit of the device can be neglected. A current density
of 100 mA/cm2 was obtained at -3.8 V and 3.6 V for the yellow-emitting unit and blue
emitting unit, respectively. The light emission onset voltage is approximately -2.4 V for
the yellow-emitting unit and 2.75 V for the blue-emitting unit. These values are identical
to what is commonly shown for standard pin single emission OLEDs, demonstrating that
vertical stacking, as well as the intermediate electrode, have no adverse effects on the
electrical performance of each individual unit.
The luminous efficacy LE and external quantum efficiency EQE for the yellow- and
blue-emitting unit are shown in Fig. 5.6a and Fig. 5.6b, respectively. At a brightness
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of 1000 cd/m2, a LE of 54 lm/W and an EQE of 15.6% were obtained for the yellow-
emitting unit. The blue-emitting unit, featuring the deep-blue emitter 4P-NPD, exhibits
a LE of 1.2 lm/W and an EQE of 3.1%, again measured at 1000 cd/m2. Although the
efficiency of the blue sub-unit is rather low, the results of the yellow sub-unit seem very
promising for the purpose of generating white light.
L
E




 (lm/W) 01234 EQE (%)01234Luminance (cd/m 2)101 102 103
(b)
Figure 5.6: Luminous efficacy LE and external quantum efficiency EQE as a function of the
luminance for the (a) yellow-emitting unit and (b) blue-emitting unit.
Figure 5.7 shows the angle-resolved emission from each individual emission unit. The
yellow spectra shown in Fig. 5.7a were recorded at a luminance level of approximately
3000 cd/m2, voltage of -3.07 V and current density of 7.7 mA/cm2. The main emis-
sion peak is located at 559 nm which nicely agrees to the photoluminescent spectra of
Ir(dhfpy)2(acac). Furthermore, the observed prominent shoulder peak at around 600 nm
is characteristic for this emitter material. The spectra of the blue-emitting unit wereNormalized SR (a.u.) 00.20.40.60.81 Wavelength (nm)400 450 500 550 600 650 7000°10°20°30°40°50°60°70°80°
(a)
Normalized SR (a.u.) 00.20.40.60.81 Wavelength (nm)400 450 500 550 600 650 7000°10°20°30°40°50°60°70°80°
(b)
Figure 5.7: Normalized spectral radiance (SR) for the (a) yellow-emitting and (b) blue-emitting
unit under viewing angles ranging from 0◦ to 80◦.
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recorded at a voltage of 3.12 V, current density of 15.4 mA/cm2, and a correspond-
ing brightness of 238 cd/m2. Again, the observed peak emission at 429 nm is in good
agreement with reported PL data of thin-film samples [54].
Although the transparent thin film metal electrode between the blue and the yellow
emitting unit introduces additional micro-cavity effects within the device, both units
show acceptable shifts in color over the viewing angle. The corresponding CIE color
coordinates are given in Fig. 5.8.CIE x / y 0.40.450.50.55 Viewing angle (°)0 20 40 60 80CIE xCIE y
(a)
CIE x / y 00.050.10.150.2 Viewing angle (°)0 20 40 60 80CIE x CIE y
(b)
Figure 5.8: CIE color coordinates for the (a) yellow-emitting and (b) blue-emitting unit under
viewing angles ranging from 0◦ to 80◦.
In order to provide correct values for the efficiencies shown in Fig. 5.6, the angular
dependent emission spectra from Fig. 5.7 were used to account for the slightly sub-
Lambertian emission behavior of both units. The correction factors for the LE/EQE
were 0.93/0.87 for the yellow and 0.91/0.72 for the blue sub-unit, respectively. The
corrected efficiency values could be reproduced in a calibrated integrating sphere with a
deviation of less than 2%.
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5.2.2 AC Operation behavior
As already described in Sec. 5.1, the device alternately emits pulses of blue and yellow
light upon application of an AC signal. The shape of these pulses can be modified to
change the perceived emission color. A square-wave signal with equal pulse lengths in
both the positive and negative half-cycles was used to study the color tuning in greater
detail. The emission color was tuned by varying the ratio between the voltages applied
during the forward and backward pulses, as illustrated in the top row of Fig. 5.9. The
corresponding sample emission spectra under these driving conditions are presented in
the bottom row of Fig. 5.9. For the spectra shown in columns 1 and 5, the voltage applied
during either the negative or the positive half-cycle is zero, and pure emission from either
the blue or the yellow unit can be observed. Column 3 represents the symmetric situation
in which the absolute voltage applied during the forward and backward pulses is equal,
leading to mixed emission from both units. Intermediate non-symmetric waveforms lead
to a reduced contribution from one of the emission units (columns 2 and 4).Time (ms)0 10 20 30 40 Time (ms)0 10 20 30 40 Time (ms)0 10 20 30 40 Time (ms)0 10 20 30 40
λ (nm)400 500 600 700 λ (nm)400 500 600 700 λ (nm)400 500 600 700 λ (nm)400 500 600 700EL (a.u.) 00.20.40.60.81 λ (nm)400 500 600 700Pulse −101 Time (ms)0 10 20 30 40
Figure 5.9: Emission spectra of the device when the five different 50 Hz square-wave signals
depicted in the top row are applied. Columns 1 and 5 represent pure emission from the
blue or yellow unit, as either the negative or the positive half-cycle is zero. Column 3
represents mixed emission from both units when the sample is driven by a symmetrical
signal. Intermediate waveforms lead to a reduced contribution from one of the emission
units (columns 2 and 4).
Figure 5.10 shows the CIE color coordinates associated with the different pulse forms
and spectra presented in Fig. 5.9. The corresponding emission colors are located along
a straight line starting in the blue region and ending in the yellow region of the color
space. As indicated by the dotted line in the CIE diagram in Fig. 5.10, all color points on
the connecting line between the beginning and end point can be reached by changing the
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blue and the yellow emitting unit introduces additional micro-cavity effects within the
device, the investigated sample shows an acceptable shift in color over the viewing angle.
The color rendering index of 38 was achieved for the investigated sample. It was calcu-
lated at the same warm-white color coordinates (0.44, 0.45) for which the efficiency was
already reported. The low CRI value results from the combination of only two emitters
(blue and yellow) to obtain white light, which means that important contributions in the
green and deep-red spectral regions are missing. However, as the device design of AC/DC
OLEDs is highly flexible in terms of emitter combinations, this problem of low CRI can
be addressed quite easily, e.g., by modifying the blue emission unit into a blue/red
triplet-harvesting emission unit and replacing the yellow phosphor with a green phos-
phorescent emitter. Two different approaches for increasing the CRI of AC/DC OLEDs
will be presented in Sec. 5.3.
Emission as a function of the driving frequency
Unfortunately, at the point of submission of this thesis, the available results on the
influence of frequency on device performance were not sufficient to allow for a conclusive
and detailed discussion and additional measurements will have to be carried out in future
work for a deeper understanding.
For instance, it is assumed that AC operation allows for significantly lowered amounts
of trapped charges within the OLED structure — an effect which was recently reported
[121]. Charge carrier storage inside the EML is suspected to decrease the device efficiency
by providing additional quenching sites. During the negative half-cycle of an AC signal,
however, these trapped charges are expected to be released, minimizing their negative
influence on the device performance.
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5.2.3 Influence of the Blue Emitter
As shown in Fig. 5.6b, 4P-NPD exhibits a relatively low luminous efficacy which might
limit the overall efficiency of the presented blue/yellow AC/DC OLED. To investigate
the influence of different blue emitters on the device performance, measurements were
performed using the sky-blue emitter systems PPIP and MADN:TBPe. The findings
are compared to the sample using 4P-NPD as blue emitter which was presented and
discussed on the previous pages. Figure 5.12 presents the j-V -L characteristics for each
individual emission unit of all three samples under investigation.Luminance (cd/m2 ) 100101102103104105 Current density (mA/cm2 )10−410−310−210−1100101102Voltage (V)−4 −3 −2 −1B-EML1/B-EML2/B-EML3/ 10−410−310−210−1100101102 Luminance (cd/m2 )101102103104Voltage (V)1 2 3 4B-EML1/B-EML2/B-EML3/yellow units blue units
Figure 5.12: Current density and luminance as a function of the voltage for the yellow-emitting
units and blue-emitting units of samples using 4P-NPD (B-EML1, cf. Fig. 5.5) PPIP
(B-EML2) and MADN:TBPe (B-EML3) as blue emitter system.
For a negative bias, only the yellow unit is active and the choice of the blue emitter
should not influence the performance. Both the j-V characteristics and the V -L curves
of the yellow unit are indeed identical for all three samples. For the three different blue
emitters, a very similar j-V behavior and only small differences in the V -L characteristics
were observed. However, the samples using PPIP and MADN:TBPe show slightly higher
luminance levels over the complete measurement range which is attributed to their sky-
blue emission spectrum and therefore larger overlap with the spectral sensitivity function
V (λ). In comparison, 4P-NPD is a deep-blue emitter with only small overlap with V (λ).
The luminous efficacy LE and external quantum efficiency EQE values for the yellow-
emitting units and blue-emitting units of the three samples are shown in Fig. 5.13. As
expected, the differences in yellow emission efficiency between the individual samples
are within the range of the sample-to-sample variation (Fig. 5.13a). At a brightness of
1000 cd/m2, EQEs of 15%–16% and LEs of 50–55 lm/W were obtained for the yellow
units in the various samples. In case of the blue-emitting sub-units (Fig. 5.13b), the
AC/DC OLED with 4P-NPD exhibits the lowest LE of approximately 1.2 lm/W at
1000 cd/m2, whereas the samples using PPIP and MADN:TBPe yield LEs of 2.3 lm/W
and 4.4 lm/W, respectively. The EQE values of the three different blue units range from
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5 Injection-Based AC Driven OLEDsLE (lm/W) 020406080100 EQE (%)05101520Luminance (cd/m 2)100 101 102 103 104/ / /LE / EQE B-EML1 B-EML2 B-EML3
(a)
LE (lm/W) 012345 EQE (%)01234Luminance (cd/m 2)101 102 103/ / /LE / EQE B-EML1 B-EML2 B-EML3
(b)
Figure 5.13: Luminous efficacy LE (solid lines) and external quantum efficiency EQE (dashed
lines) as a function of the luminance for the (a) yellow-emitting units and (b) blue-
emitting units of samples using 4P-NPD (B-EML1, cf. Fig. 5.6), PPIP (B-EML2),
and MADN:TBPe (B-EML3) as blue emitter system.
2.5% in the case of PPIP and over 3.1% in the case of 4P-NPD to approximately 3.4%
in the case of MADN:TBPe. The negligible influence on the yellow-emitting unit upon
changing the emitter material within the blue-emitting sub-unit impressively demon-
strates the versatility of AC/DC OLEDs in terms of emitter system combinations.
Based on the measurements performed in Sec. 5.2.2, color tuning was studied using
a square wave signal with equal pulse lengths in both the positive and negative half-
cycle. The emission color was tuned by varying the ratio between the voltages applied
during the forward and backward pulses, as illustrated in the top row of Fig. 5.9. The
corresponding spectra are presented in Figs. 5.14a and 5.14b for the PPIP sample and
MADN:TBPe sample, respectively. The observed behavior is very similar to the sample
using 4P-NPD as blue emitter: When the voltage applied during either the negative or
the positive half-cycle was zero (columns 1 and 5), pure emission from either the blue or
the yellow unit was recorded. A symmetric signal in which the absolute voltage applied
during the forward and backward pulses (column 3), leads to mixed emission from both
units. Intermediate non-symmetric waveforms lead to a reduced contribution from one of
the emission units (columns 2 and 4). Figure 5.15 presents the corresponding CIE coor-
dinates for all emission spectra. The CIE coordinates associated with the different pulse
forms are located along straight lines starting in the blue region and ending in the yellow
region of the color space. The emission spectra of the pure yellow units are identical for
the three samples used in this study. As a result, all three samples are characterized by
the same yellow color point in the CIE diagram while having different origins in the blue
CIE region because of the different blue emitter systems used. As indicated by dotted
lines in the CIE diagram in Fig. 5.15, all color points on the connecting lines between
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(b) Blue emitter system: MADN:TBPe
Figure 5.14: Emission spectra upon application of the five different 50 Hz square-wave signals
shown in Fig. 5.9 for the samples using (a) PPIP and (b) MADN:TBPe as blue-
emitting unit. Columns 1 and 5 represent pure emission from the blue or yellow
unit, when either the negative or the positive half-cycle is zero. Column 3 represents
mixed emission from both units when the sample is driven by a symmetrical signal.
Intermediate waveforms lead to a reduced contribution from one of the emission
units (columns 2 and 4).
the beginning and end points can be reached by changing the ratio of the voltage pulse
intensities and hence the fractions of blue and yellow emission contributing to the re-
sulting spectrum. Only the color tuning curves of the samples using 4P-NPD and PPIP
as blue emitter intersect the Planckian locus. For the 4P-NPD sample, this intersection
is close to the warm-white color reference point A, whereas the color tuning curve of the
sample using PPIP comes close to the cold-white color reference point E.
The luminous efficacy LE under AC operation was measured at a brightness of
1000 cd/m2 when the devices were tuned to warm-white color coordinates. Color tuning
was again performed by adjusting the on-time of each unit, as already explained before
in Sec. 5.2.2. For all three samples, Table 5.1 summarizes the LE, the CIE color coor-
dinates, the color rendering index (CRI), and the on-time ratio between the blue and
the yellow units that was required to reach the color point A. Here, the samples using
PPIP and MADN:TBPe as blue emitters achieved LEs of 31.5 lm/W and 27.9 lm/W,
respectively. Interestingly, the white AC/DC OLED with 4P-NPD achieved the high-
est LE, although the LE of 4P-NPD is considerably lower than those of the other two
blue emitters (cf. Fig 5.13b). This observation is explained by the considerable differ-
ence in LE between the blue and yellow emitter systems (cf. Figs. 5.13a and 5.13b),
as the phosphorescent yellow unit has a 40-fold higher LE than does the fluorescent
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Blue emitter CIE CRI On-time blue/yellow unit Luminous efficacy
(%) (lm/W)
4P-NPD (0.44, 0.45) 38 15/85 36.8
PPIP (0.44, 0.47) 36 20/80 31.5
MADN:TBPe (0.41, 0.44) 35 30/70 27.9
Table 5.1: CIE color coordinates, color rendering index CRI, on-time ratio of the blue and yellow
units, and luminous efficacy of the three samples under investigation. All values given
in the table were measured at a brightness of 1000 cd/m2 upon application of an 50 Hz
AC signal with equal pulse heights (2.93 Vrms) for positive and negative half-cycles.
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5.3 Enhanced Color Rendering
Despite the impressive efficiency values obtained for blue-yellow AC/DC OLEDs, only
poor color rendering was achieved. This is a result from combining only two emitters
(blue and yellow) to obtain white light which means that important contributions in the
green and deep-red spectral region are missing (cf. Sec. 2.2.2). Fortunately, the device
design of AC/DC OLEDs is highly flexible in terms of emitter combinations. Two possible
strategies for improved color rendering will be discussed in the following sections. Both
methods attempt to increase the CRI by using three instead of only two emission colors,
i.e, incorporating a red and green emitter in addition to a deep-blue emitter to provide
coverage of a broader spectral range. Each approach uses a different allocation of these
three emitters to the two available emission units which already implies that one of the
units has to be host for two emitters. Exciton management — which was up to now
of only minor importance since each emitter had its own, independently controllable
emission unit — becomes important at this point.
In the first approach described in Sec. 5.3.1, one of the two emission units is modified
into a blue+red triplet-harvesting (TH) emission unit, whereas at the same time, the
other unit is replaced with a green phosphorescent emitter. Here, the TH unit provides a
mix of blue and red emission, which is perceived as a purple color. However, the emission
color of this unit is fixed and can not be changed during operation; only the contribution
of the green-emitting unit can be separately controlled in real time. In Sec. 5.3.2, another
approach to address the low CRI is presented. It is based on the initial demonstration
using a blue/yellow emitter combination, however, the yellow emitter is removed and
instead the yellow color is reproduced by combined emission from a green and a red
phosphor. Similar to the TH unit, the ratio between red and green emission is fixed
when the device is fabricated; it is not possible to change the emission color of this unit
during device operation.
5.3.1 Introducing a Triplet-Harvesting based Emission
Unit
Harvesting non-radiative triplet excitons generated on a fluorescent blue emitter by
transferring them to an adjacent phosphor has already led to promising results [53, 54,
120]. In an attempt to increase the bandwidth of emitted colors for obtaining a higher
color rendering index, this so-called triplet-harvesting (TH) approach was implemented
in one of the emission units of an AC/DC OLED while having a third emitter in the sec-
ond emission unit. The expected device behavior for a blue/red TH unit in combination
with a green-emitting unit is illustrated in Fig. 5.16. These two emission units generate
light with color coordinates on opposite sides of the Planckian locus. By changing the
relative contributions of green and blue/red emission, the color of the integrated emis-
sion over several operation cycles can be precisely tuned to meet the color coordinates of
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3 nm 4P-NPD layer, because this configuration provides the smallest separation between
exciton generation zone and the layer containing the red phosphor. Most triplet excitons
— and most likely some of the singlet excitons as well — can therefore reach the 4P-
NPD:Ir(MDQ)2(acac) layer where they are converted into red light and contribute to
the overall luminance. For increasing 4P-NPD thickness, less triplet excitons can reach
the red phosphor and the luminance decreases.10−410−310−210−1100101102 Luminance (cd/m2 )100101102103104105Voltage (V)1 2 3 43nm/4nm/5nm/6nm/Luminance (cd/m2 ) 100101102103104 Current density (mA/cm2 )10−410−310−210−1100101102Voltage (V)−4 −3 −2 −13nm/4nm/5nm/6nm/blue/red units green units
Figure 5.18: Current density and luminance as a function of the voltage for the blue/red-emitting
triplet-harvesting (TH) unit and green-emitting unit for 4P-NPD thicknesses of
3 nm, 4 nm, 5 nm, and 6 nm.
The luminous efficacy LE and external quantum efficiency EQE values for the green-
and blue/red-emitting unit of each sample are shown in Fig. 5.19a and 5.19b, respec-
tively. In case of the green units, EQEs of 15.0–15.7% and LEs of 56.2–59.8 lm/W were
obtained at a brightness of 1000 cd/m2. The differences in efficiency are within the range
of the sample-to-sample variation. It has to be noted here that higher efficiencies have
been reported for this particular phosphorescent green emitter. In other publications,
Ir(ppy)2(acac) based devices have achieved EQEs of 16–19% and LEs of 75 lm/W at the
same luminance level [124, 125] which shows that there is still room for improvement.
The blue units, on the other hand, show a more differentiated behavior in terms
of efficiency. The data provided in Fig. 5.19b clearly shows the drop in both LE and
EQE upon increasing 4P-NPD thickness. For thin 4P-NPD layers, a high percentage of
generated triplets is able to diffuse towards the 4P-NPD:Ir(MDQ)2(acac) layer, leading
to additional emission from the red phosphor. Increasing the thickness of the 4P-NPD
layer means that more triplets can decay non-radiatively before reaching the phosphor-
doped 4P-NPD layer. At a brightness level of 1000 cd/m2, the samples with 3 nm, 4 nm,
5 nm, and 6 nm 4P-NPD achieved EQEs of 17.9%, 16.7%, 15.0%, and 14.3%, whereas
the corresponding LEs were 28.0 lm/W, 23.5 lm/W, 20.9 lm/W, and 18.6 lm/W.
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Figure 5.19: Luminous efficacy LE and external quantum efficiency EQE as a function of the
luminance for the (a) green-emitting unit and (b) blue/red-emitting unit for 4P-NPD
thicknesses of 3 nm, 4 nm, 5 nm, and 6 nm.
Spectral emission
Angular dependent emission spectra of the green- and blue/red-emitting units are given
in Figs. 5.20 and 5.21, respectively. The spectra of the green units were recorded at
a current density of 7.7 mA/cm2, and a corresponding brightness of approximately
2900 cd/m2. The shape of the spectra, as well as the emission intensities are almost04.0×10 −58.0×10 −51.2×10 −41.6×10 −4
λ (nm)400 500 600 700 λ (nm)400 500 600 700 λ (nm)400 500 600 700 λ (nm)400 500 600 700 0°10°20°30°40°50°60°70°80°SR (µW/cm2 nm) 3nm 4P-NPD 4nm 4P-NPD 5nm 4P-NPD 6nm 4P-NPD0°80° 0°80° 0°80° 0°80°
Figure 5.20: Spectral radiance (SR) of the green-emitting unit under viewing angles ranging from
0◦ to 80◦ for 4P-NPD thicknesses of 3 nm, 4 nm, 5 nm, and 6 nm.
identical for the four green-emitting units. For all samples, the peak emission wavelength
shifts from 562 nm at 0◦ towards the Ir(ppy)2(acac) PL peak emission wavelength at
525 nm for viewing angles above 50◦. This emission behavior of the green unit has been
intentionally created using optical modeling in order to increase the overlap of device
emission spectra and luminosity function V (λ) which will subsequently lead to a higher
luminous efficacy. However, the shift in peak emission causes a noticeable change in emis-
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sion color for viewing angles between 0◦ and 50◦. Above 50◦, the shape of the emission
spectra, and therefore the emission color, remain constant.
The corresponding angle-resolved spectra of the blue/red units, recorded at a cur-
rent density of 7.7 mA/cm2 and a corresponding brightness of approximately 1300–
1900 cd/m2, are given in Fig. 5.21. All four samples show the expected emission of blue
and red light, however, the ratio of intensities between both colors changes with the 4P-
NPD thickness. The 3 nm 4P-NPD device provides the shortest diffusion path for triplet
excitons to reach the red phosphor which results in an intense red emission peak. Because
of the small separation of exciton generation zone and 4P-NPD:Ir(MDQ)2(acac) layer,
4P-NPD singlet excitons are very likely to be harvested by the red phosphor as well, un-
desirably reducing the contribution of blue light. For increasing 4P-NPD thickness, less05.0×10 −51.0×10 −41.5×10 −42.0×10 −42.5×10 −4
λ (nm)400 500 600 700 λ (nm)400 500 600 700 λ (nm)400 500 600 700 λ (nm)400 500 600 700 0°10°20°30°40°50°60°70°80°SR (µW/cm2 nm) 3nm 4P-NPD 4nm 4P-NPD 5nm 4P-NPD 6nm 4P-NPD
Figure 5.21: Spectral radiance (SR) of the blue/red-emitting triplet-harvesting unit under viewing
angles ranging from 0◦ to 80◦ for 4P-NPD thicknesses of 3 nm, 4 nm, 5 nm, and
6 nm.
triplet excitons are transferred to the 4P-NPD:Ir(MDQ)2(acac) layer, subsequently re-
ducing the amount of red emission. The blue emission increases slightly, due to reduced
parasitic transfer of 4P-NPD singlets to the red phosphor for thicker 4P-NPD layers.
The peak position of the blue emission of all four samples is located at 428–429 nm
and therefore correspond well to thin-film PL measurements of 4P-NPD [54]. The red
emission peaks are located at 610–611 nm which is only slightly red-shifted by 4–5 nm
compared to the Ir(MDQ)2(acac) PL spectrum.
From a spectral point of view, the sample using 6 nm 4P-NPD seems the most promis-
ing in terms of white emission requirements. In case of the 3 nm, 4 nm, and 5 nm sample,
the amount of blue emission will probably be too low to reach color coordinates anywhere
near the warm-white color point A when adding green emission under AC operation.
Color tuning
A 50 Hz square wave signal with equal pulse lengths of positive and negative half-cycle
is applied to the samples in order to study the individual color tuning behavior. The
emission color is then modified by changing the ratio between the voltages applied during
the forward and backward pulses, as shown in Fig. 5.9. When the voltage applied during
either the negative or the positive half-cycle was zero, pure emission from either the
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For a luminance of 1000 cd/m2, the obtained LE was 32.6 lm/W and is therefore only
slightly lower than the 36.8 lm/W achieved for blue/yellow AC/DC OLEDs presented in
the previous section (cf. Sec. 5.2.2). The reason for the lower efficiency can be found in
the unfavorable on-time ratio between both units. In order to reach the warm-white color
coordinate of (0.50, 0.42), the on-time of the green- and blue/red-emitting unit had to be
set to values of 32% and 68%, respectively. However, for an efficient AC/DC device, the
on-time of the more efficient unit must be maximized whereas the contribution of the less
efficient unit has to be reduced to a minimum — as shown in the previous chapter for the
initial demonstration of an AC/DC OLED based on a blue/yellow emitter combination.
In case of the triplet-harvesting based AC/DC OLEDs shown in this section, the less
efficient blue/red unit (18.6 lm/W at 1000 cd/m2) had to be switched on more than twice
as long as the green-emitting unit (56.2–59.8 lm/W at 1000 cd/m2) which means that
under AC operation, the device only receives a small benefit from the highly efficient
green unit. Shifting the intersection of the color tuning curve and the Planckian locus
towards the warm-white color reference point A (or even towards the cold-white reference
point E) would furthermore require more blue emission which ultimately reduces the
efficiency of the triplet-harvesting unit and therefore the device efficiency under AC
operation. Normalized SR (a.u.) 00.20.40.60.81 Wavelength (nm)400 450 500 550 600 650 700 750(0.50, 0.42)CRI 81CCT 2300 K
Figure 5.23: Emission spectrum of the 6 nm 4P-NPD sample tuned to warm-white color coordi-
nates (0.50, 0.42) by pulse width modulation at a brightness level of 1000 cd/m2.
The luminous efficacy at these output parameters was 32.6 lm/W.
Although the combination of a blue/red triplet harvesting and a green unit was proven
to increase the CRI of AC/DC OLEDs, the overall device performance was not con-
vincing so far. The triplet unit lacks in efficiency which is a very crucial point since
this unit requires the longest on-time over one complete AC cycle. Furthermore, the
blue contribution from the blue/red unit is too weak to reach meaningful color tem-
peratures. However, increasing the blue emission from a triplet-harvesting unit requires
thicker intrinsic 4P-NPD layers which in turn leads to less triplet diffusion towards the
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was fixed to 8 wt%, whereas the red emitter concentration was varied from 0.5 wt% to
1.5 wt%.
Electrical characterization
Figure 5.26 shows the current density and luminance response under forward and reverse
voltage operation for different doping concentrations of the red emitter. Negative voltages
address the yellow-emitting unit, whereas positive voltages lead to emission of blue light.
Both units show low leakage currents in the range of 10−4–10−3 mA/cm2. The lightLuminance (cd/m2 ) 100101102103104105 Current density (mA/cm2 )10−410−310−210−1100101102Voltage (V)−4 −3 −2 −10.5wt%/0.8wt%/1.0wt%/1.5wt%/ 10−410−310−210−1100101102 Luminance (cd/m2 )101102103Voltage (V)1 2 3 40.5wt%/0.8wt%/1.0wt%/1.5wt%/yellow units blue units
Figure 5.26: Current density and luminance as a function of the voltage for the yellow-emitting
unit and blue-emitting unit for red emitter doping concentrations of 0.5 wt%,
0.8 wt%, 1.0 wt%, and 1.5 wt%.
emission onset voltage is approximately -2.4 V for the yellow-emitting unit and 2.75 V
for the blue-emitting unit and therefore identical to the device using the blue/yellow
emitter combination (cf. Fig. 5.5). In case of the four blue units, an almost perfect
overlap of the j-V -L curves was achieved, however, for the yellow-emitting units, there
are differences: The j-V curve of the yellow unit with 0.5 wt% red emitter is slightly
steeper than for the other three concentrations. It seems, that increasing the amount of
red emitter has a negative effect on the charge carrier transport, leading to an flatter
j-V curve. At the time of writing this thesis, there was no comprehensive explanation
for the observed j-V behavior and further investigations are advised.
A similar trend can be observed for the luminance generated by the yellow emission
units. For increasing red emitter doping concentrations, the brightness level at a certain
voltage decreases. The reason is that for higher red emitter concentrations more and
more Ir(ppy)3 excitons are transferred to the red phosphor which subsequently leads to
less green and more red emission (cf. Fig. 5.29) and therefore to a diminishing overlap
of the emission spectrum with the V (λ) sensitivity curve (cf. Fig. 2.10).
The luminous efficacy LE and external quantum efficiency EQE for the yellow- and
blue-emitting unit are shown in Fig. 5.27a and Fig. 5.27b, respectively. At a brightness
of 1000 cd/m2, a LE of 54 lm/W and an EQE of 17.6% were obtained for the yellow-
emitting unit with 0.5 wt% red emitter concentration. These values are identical to
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Figure 5.27: Luminous efficacy LE and external quantum efficiency EQE as a function of the
luminance for the (a) yellow-emitting unit and (b) blue-emitting unit for red emitter
doping concentrations of 0.5 wt%, 0.8 wt%, 1.0 wt%, and 1.5 wt%.
what has been shown for the yellow unit in Sec. 5.2, Fig. 5.6a. For higher red emitter
concentrations, the EQE is slightly reduced to 15.6–15.8%, whereas the LE continuously
decreases to 46 lm/W for 0.8 wt%, 43 lm/W for 1.0 wt%, and 38 lm/W for 1.5 wt%. The
blue-emitting unit exhibits a LE of 1.5–1.6 lm/W and an EQE of 3.8–3.9%, showing
no correlation to the doping concentration of the red emitter.
Spectral emission
The angle-resolved emission from each individual blue emission unit is given in Fig. 5.28.
The spectra were recorded at a voltage of 3.13 V, a current density of 15.4 mA/cm2,
and a corresponding brightness of around 300 cd/m2. The peak emission is located at
429 nm which is in good agreement with reported PL data of thin-film samples [54].
Similar to the j-V -L behavior of the four blue units, the shape of the spectra, as well as05.0×10 −51.0×10 −41.5×10 −42.0×10 −42.5×10 −4
λ (nm)400 500 600 700 λ (nm)400 500 600 700 λ (nm)400 500 600 700 λ (nm)400 500 600 700 0°10°20°30°40°50°60°70°80°SR (µW/cm2 nm) 0.5wt% 0.8wt% 1.0wt% 1.5wt%
Figure 5.28: Spectral radiance (SR) for the blue-emitting unit under viewing angles ranging from
0◦ to 80◦ for red emitter doping concentrations of 0.5 wt%, 0.8 wt%, 1.0 wt%, and
1.5 wt%.
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the emission intensities, are almost identical for all four blue-emitting units. Differences
in device behavior between samples with different red emitter concentrations, that might
later appear under mixed operation of blue and yellow unit, can therefore be attributed to
the yellow-emitting unit with relative certainty. The corresponding spectra of the yellow
units are given in Fig. 5.29. As expected, the contribution of green emission decreases05.0×10 −51.0×10 −41.5×10 −42.0×10 −42.5×10 −4
λ (nm)400 500 600 700 λ (nm)400 500 600 700 λ (nm)400 500 600 700 λ (nm)400 500 600 700 0°10°20°30°40°50°60°70°80°SR (µW/cm2 nm) 0.5wt% 0.8wt% 1.0wt% 1.5wt%
Figure 5.29: Spectral radiance (SR) for the yellow-emitting unit under viewing angles ranging
from 0◦ to 80◦ for red emitter doping concentrations of 0.5 wt%, 0.8 wt%, 1.0 wt%,
and 1.5 wt%.
for higher doping concentrations of the red emitter. The green emission peak is located
at 515–516 nm which is close to the Ir(ppy)3 PL emission at 517 nm. The red emission
peak, however, is slightly blue-shifted. Instead of being at 606 nm, which was expected
from Ir(MDQ)2(acac) PL measurements, the emission peak is located at 594 nm for the
sample with 0.5 wt% red emitter concentration and shifts to 597 nm for the 1.5 wt%
sample. This shift can be modeled with optical simulation and originates from the overlap
of the Ir(MDQ)2(acac) emission spectrum and the non-zero contributions of the green
emitter around the peak wavelength of the red emitter. The intensity of the emission tail
of the green emitter is further increased by the present optimization of the green/red
unit for outcoupling of yellow (≈ 570 nm) light. The blue-shifted red emission peak is an
unwanted side effect of combining two emission colors with significantly different peak
emission wavelengths at the same location within the OLED micro cavity and has to be
addressed in an improved device stack.
Color tuning
As before, color tuning was studied using a square wave signal with equal pulse lengths
of positive and negative half-cycle. The emission color was tuned by varying the ratio
between the voltages applied during the forward and backward pulses, as shown in
Fig. 5.9. When the voltage applied during either the negative or the positive half-cycle
was zero, pure emission from either the blue (cf. Fig. 5.28) or the yellow (cf. Fig. 5.29)
unit was recorded. Asymmetric signals lead to mixed emission from both units. The
corresponding CIE coordinates for all four samples are shown in Fig. 5.30. Again, the
CIE coordinates belonging to the different pulse forms are located along straight lines
starting in the blue region and ending in the yellow region of the color space. As expected
from the identical emission spectra of the blue-emitting units shown in Fig. 5.28, all
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Figure 5.31: Emission spectrum of the 0.5 wt% sample tuned to warm-white color coordinates
(0.42, 0.42) by pulse width modulation at a brightness level of 1000 cd/m2. The
luminous efficacy at these output parameters was 36.2 lm/W.
by improving one emission unit while the other unit remains unchanged, demonstrates
again the great versatility of the device architecture of AC/DC OLEDs.
116
6 RGB full-color vertically
stacked OLEDs
The previous chapter has shown that vertical stacking of two independently control-
lable emission units of different color can be efficiently realized. This result presents an
important step towards an extension to three vertically stacked OLED units, provid-
ing red (R), green (G), and blue (B) emission. Although the fabrication is challenging
due to the complex device architecture, such a stacked RGB full-color configuration is
highly attractive for display applications where the vertical stacking of the red, green,
and blue subpixel results in an optimal fill factor compared to conventional side-by-side
fabrication and could therefore meet the demand for ever increasing pixel densities as
illustrated in Fig. 6.1. Pixeldensity(ppi) 200300400500600GS (2010)GS II (2011)GS III (2012)GS 4 (2013)GS 5 (2014)GS 6 (2015)233 ppi218 ppi306 ppi441 ppi432 ppi577 ppi
Figure 6.1: Evolution of display pixel densities for the Samsung Galaxy S smartphone series for
the last five years from 2010 – 2015. The densities are given in pixel-per-inch (ppi).
Displays based on organic light-emitting devices are rapidly evolving into serious com-
petitors to the current state-of-the-art liquid crystal display (LCD) technology and can
already been found in mobile phones and television screens. Aside from the aforemen-
tioned possibility of placing several emission units on top of each other, OLED based
displays provide a large set of advantages, for example, mechanical flexibility which al-
lows for the fabrication of displays on curved surfaces. Furthermore, each OLED pixel
generates its own light and does therefore not require back illumination. As a result,
OLED based display panels achieve very high contrast ratios which are superior to any-
thing current LCD technology can deliver. In a typical flat-panel display (LCD or OLED
display), one pixel consists of a separate red (R), green (G), and blue (B) subpixel in
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a side-by-side geometry as examplary shown for two different subpixel arrangements
in Fig. 6.2. Such a design suffers from several drawbacks. For example, to display a
(a) (b)
Figure 6.2: Two examples of side-by-side subpixel arrangements. (a) Common RGB stripe layout
and (b) PenTile subpixel geometry.
purely red image, only one third of all subpixels1 - and therefore of the whole display
area – contribute to the overall emission (cf. Fig. 6.3). The requirement to structure
each pixel into three subpixels also limits the possible pixel density and resolution for
a certain screen size. Furthermore, side-by-side fabrication is prone to cross contamina-
tion between neighboring subpixels of different color. If, for example, the green emitting
layer, which is usually deposited sequentially after the red emitting and prior to the blue
emitting layer, would contain small amounts of the red emitter, then the green emission
would be severely quenched and the otherwise green subpixel will emit yellow to orange
light, depending on the degree of contamination. A very promising approach to elegantlystandard RGBsubpixel layout vertically stackedRGB pixel layoutwhite displayred display
Figure 6.3: Comparison between a standard side-by-side RGB subpixel layout and a vertically
stacked RGB pixel layout for the two display states ’white’ and ’red’.
solve some of these issues is a different type of pixel geometry in which the R, G, and B
subpixels are vertically stacked on top of each other [67, 126]. As shown in Fig. 6.3, the
1 Assuming all subpixels are of the same size.
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connected to the same terminal C1. The red unit can be controlled by putting C1 on
a positive potential with respect to C2. In this configuration, the n-side of the green
emitting unit is connected to a positive potential (by C1) and the p-side of the blue
unit is on a negative potential (by C2). The voltage that is applied to C3 is therefore of
only minor importance, as neither the green nor the blue emitting unit can be biased in
forward direction if the correct polarity is applied to the red unit. Contacting of the blue
and the green unit is similar. For blue emission, C2 must be on a positive potential and
C3 on a negative potential. In this case, the C1 potential can be freely chosen. Applying a
positive voltage to C3 and a negative voltage to C1 leads to emission from the green unit.
Here, C2 can either have a positive or a negative potential. The described addressing
allows for independent electrical and optical characterization of the red, green, and blue
emitting unit. Mixing of colors was achieved in a pulsed operation mode. Within a time
frame of 10 ms (100 Hz), each emission unit was switched on for a certain amount of
time, corresponding to the desired spectral contribution. The refresh rate of 100 Hz
ensures that the human eye can not resolve the sequentially emitted light pulses coming
from the individual sub-units, but instead perceives a color equivalent to the integrated
emission over several emission cycles similar to the AC driven devices from Chapters 4.2
and 5. For example, the warm-white color emission, which is discussed at a later point
in this chapter, was achieved by an R:G:B ratio of 61:22:17, which translates to pulse
lengths of tR = 6.1 ms, tG = 2.2 ms, and tB = 1.7 ms.
Electrical and optical characterization
Figure 6.5 shows the current density j as a function of the applied voltage V . Only
very low leakage currents in the range of 10-3 mA/cm2 were measured; the diode onset
voltages were below 3 V for all three units. The slope of the j − V curves is steep and a
current density of 100 mA/cm2 is already obtained at 4 V.Current density (mA/cm2 ) 10−410−310−210−1100101102 Luminance (cd/m2 )100101102103104Voltage (V)1 2 3 4
(a)
Current density (mA/cm2 ) 10−310−210−1100101102 Luminance (cd/m2 )100101102103104Voltage (V)1 2 3 4
(b)
Current density (mA/cm2 ) 10−310−210−1100101102 Luminance (cd/m2 )100101102103Voltage (V)1 2 3 4
(c)
Figure 6.5: Current density and luminance as a function of the driving voltage for the (a) red,
(b) green, and (c) blue emitting sub-unit. The stacking of three emission units has no
adverse effects on the electrical performance of each individual unit.
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These results demonstrate that the vertical stacking of three emission units has no
adverse effects on the electrical performance of each individual unit which are on par
with standard pin single emission unit OLEDs. The light emission onset voltage is at
approximately 2.2 V for the red, 2.4 V for the green, and 2.8 V for the blue emitting
unit. Again, these values are close to what is commonly shown for single emission unit
OLEDs.
The luminous efficacy as a function of the current density (LE − j) is shown in Fig-
ure 6.6. At a display-relevant brightness of 400 cd/m2, luminous efficacies of 9.6 lm/W,
26.3 lm/W, and 0.9 lm/W were measured for the red, green, and blue emitting unit,
respectively. Compared to single emission unit devices, these efficiencies are rather poor
[105]. Unfortunately, at the time of fabrication, there was no simulation software at hand
that allowed for optical modeling of such a complex device structure. Transport layer
thicknesses and therefore the positions of the recombination zones were rough estima-
tions based on the optical field distribution of the peak wavelengths of the individual
emitter molecules. A more sophisticated optical simulation software became available at
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Figure 6.6: Luminous efficacy LE as a function of the current density j for the (a) red, (b) green,
and (c) blue emitting sub-unit. Because of the relatively low outcoupling efficiencies
of only around 10% – 14% for red, green, and blue, the LEs are rather poor compared
to single emission unit devices.
a later time and it was used to model the investigated device structure. It was found that
the corresponding outcoupling efficiencies for red, green, and blue were only 11%, 10%,
and 14%, respectively. These results were used to create an optically improved device
design with simulated outcoupling efficiencies of 23%, 21%, and 24% for red, green, and
blue. However, the optimized design could not be fabricated in time until submission of
this thesis. The corresponding results will be provided in a separate publication. The
angle dependent emission spectra of each unit are shown in Fig. 6.7. Despite the top-
emission design and the application of three silver layers within the device, the obtained
spectra show no features that might suggest the presence of an extraordinarily strong
micro-cavity and the peak emission wavelength of each unit coincides with the PL emis-
sion of the corresponding emitter species. Only a minor spectral shift of the emission
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(a)
Normalized SR (a.u.) 00.20.40.60.81 Wavelength (nm)400 500 600 7000°10°20°30°40°50°60°70°80°
(b)
Normalized SR (a.u.) 00.20.40.60.81 Wavelength (nm)400 500 600 7000°10°20°30°40°50°60°70°80°
(c)
Figure 6.7: Normalized spectral radiance (SR) for the (a) red, (b) green, and (c) blue emitting
unit under viewing angles ranging from 0◦ to 80◦.
peak for increasing viewing angles can be observed. The corresponding CIE x and y
color coordinates as a function of the viewing angle are given in Figure 6.8.CIEx/y 00.20.40.6 Viewing angle (°)0 20 40 60 80 CIE x / y / Red / Green / Blue
Figure 6.8: CIE color coordinates for the red, green, and blue emitting unit under viewing angles
ranging from 0◦ to 80◦.
As already pointed out above, the device has a top-emission geometry and contains
three semitransparent silver electrodes in which case an angle-independent emission color
is usually anything but simple to achieve. However, apart from a small shift that can
be observed for the x-coordinate of the green emission and the y-coordinate of the
red emission, the emission color of each unit, in particular the blue emitting unit, is
rather independent from the viewing angle and therefore very well suited for display
applications. Apart from the emission of pure red, green, and blue light, the device can
also display every color that can be represented as a superposition of the individual
spectra of each unit. An example is shown in Fig. 6.9, where the contribution of each
emission unit was adjusted to obtain a near-perfect warm-white emission with CIE color
coordinates of (0.447, 0.410) and a color temperature (CCT) of 2875 K.
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The presence of a red, green, and blue emitter within the device allows for a high color
rendering index of 93. Normalized SR (a.u.) 00.20.40.60.81 Wavelength (nm)400 500 600 700(0.447, 0.410)CRI 93CCT 2875 K operation
Figure 6.9: Warm-white emission spectrum for which the spectral contribution of each emission
unit was carefully adjusted. The inset shows a picture of the device during operation.
The solid triangle in Fig. 6.10 connects the CIE color coordinates for the pure red,
green, and blue emission of the device under an observation angle of 0◦. All colors within
this triangle can be displayed by changing the contribution of the individual emitters.
For comparison, the sRGB color space is shown as a dotted triangle in Fig. 6.10. The
pure emission color of the blue unit (0.156, 0.045) almost perfectly matches the blue
primary (0.15, 0.06) of the sRGB color space [128], whereas the emission color of the
green unit (0.296, 0.655) is even superior to the green sRGB primary at (0.30, 0.60). The
result is that the vertically stacked RGB OLEDs provide a greater color space coverage
for green/greenish-yellow/yellow colors compared to sRGB, meaning that these colors
appear more saturated. Only the red emission color (0.630, 0.367) does not meet the
requirement of the red sRGB primary which is located at (0.64, 0.33). However, this
is only a minor setback and can be easily fixed by using a deep-red emitter dye such
as tris(1-phenylisoquinoline)iridium(III) (Ir(piq)3) with emission color coordinates of
(0.68, 0.32). Using this emitter configuration, the resulting color space would then be
even superior to sRGB. The deep-red dye is already included in the aforementioned
optimized device design.
Conclusion
The demonstrated approach for an alternative pixel design to the conventional side-by-
side fabrication of red, green, and blue subpixels in current display technology appears
promising and excellent results were achieved in terms of electrical and optical per-
formance. However, efficiency-wise, there is still room for improvement. Although the
fabrication is challenging, it was shown that a stacking of three pin-OLEDs is feasible
and despite the complex device architecture, an impressively high sample yield of 94%
(working subpixels: 406 out of 4322) was achieved. The driving voltage for each individ-
2 36 samples, 4 pixel per sample, 3 subpixel per pixel
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The main focus of this work was to study and optimize novel OLED concepts, powered
by an alternating current (AC) signal instead of the commonly used direct current (DC)
drive. Starting with investigations on critical device parameters for driving capacitively
coupled AC-OLEDs as an established AC operated device design, factors limiting the de-
vice efficiency were identified and addressed. Most importantly, the limitations regarding
the amount of available charge carriers under fully insulated, capacitively coupled device
operation were removed using an optimized AC driven approach which relies on charge
injection from both electrodes. The injection-based device design was ultimately used as
the fundamental basis for realizing the extension to three vertically stacked OLED units
in an RGB full-color configuration.
Capacitively Coupled AC driven OLEDs
AC driven devices operated in full insulating mode, i.e., in a configuration where two
insulators prevent charge injection from both electrodes, rely on a Zener tunneling pro-
cess to replenish the charge reservoir within the device for the next emissive cycle. The
tunneling mechanism strongly depends on the voltage drop and therefore the electric
field across the intrinsic layers within the AC-OLED. In the first part of this work, it
was shown that this particular field can not only be tuned by the external driving volt-
age applied to the device, but also by changing the capacitance of the insulating layers
and/or the thickness of the intrinsic organic layers. A three-capacitor model was intro-
duced to theoretically describe and predict changes in operation behavior upon thickness
variations of the insulating as well as intrinsic organic layers. These theoretical predic-
tions based on the sample geometry, material constants, and the assumption of Zener
tunneling as the most probable mechanism for charge regeneration were in very good
agreement to the experimental data. A tunneling onset field strength of approximately
3–3.1 MV/cm was found for all samples under investigation. This value is close to the
theoretically expected value for wide gap materials of 3 MV/cm derived from studies on
low gap organic Zener diodes.
In terms of device efficiency, the presented investigation revealed that a reduction of
the insulating layer thickness and intrinsic organic layer thickness significantly decreases
the driving voltage required to reach the tunnel onset field strength or a certain bright-
ness, leading to an increased luminous efficacy. However, the fabrication process as well
as excitonic processes set a lower limit to a further reduction of insulating and intrinsic
organic layer thickness. Therefore, in a second step, asymmetric driving of AC-OLEDs
with different voltages and/or pulse lengths for positive and negative half-cycle were
investigated. For a 5 kHz driving signal with identical pulse lengths of positive and
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negative half-cycle, a reverse bias Urvs to forward bias Ufwd ratio of Urvs/Ufwd = 1.16
led to an efficiency and luminance gain of 17% (1.15 lm/W → 1.35 lm/W) and 58.9%
(224 cd/m2 → 356 cd/m2), respectively. Similar to that, a 1:3 ratio between forward and
reverse pulse length led to an efficiency and brightness increase of 24.1% (1.13 lm/W →
1.4 lm/W) and 52.1% (219 cd/m2 → 333 cd/m2), respectively.
In addition to the aforementioned measurements, a novel concept for generating white
light based on a pinip device architecture was demonstrated. The approach uses both
half-cycles of a sinusoidal driving signal to independently address a phosphorescent
green-emitting and a triplet-harvesting blue/red-emitting unit. Upon application of an
AC signal, alternating emission from both units was recorded, resulting in a white color
impression when operated at high frequencies. The device was able to achieve an appli-
cation relevant brightness level of up to 1000 cd/m2 and a color rendering index of 76.5
at warm-white color coordinates (0.43, 0.44).
Injection-Based AC driven OLEDs
The first part of this work revealed that capacitively coupled AC-OLEDs benefit from
a higher insulating layer capacitance, as more charge carriers can be stored inside the
device during the regenerative half-cycle of the driving signal which are then used for light
generation during the emissive half-cycle. In order to increase the amount of available
charge carriers even further, an improved device architecture — referred to as AC driven
DC-OLEDs (AC/DC OLEDs) — was proposed, allowing charge injection from external
electrodes. The improved design comprises two pin-OLEDs stacked on top of each other,
enabling light emission during both half-cycles of an AC signal. Conventionally stacked
devices require the current passing through all sub-stacks to be equal, while at the
same time the amount of light that is generated by each cell needs to be balanced
such that the white point is reached. This trade-off has the inherent problem that some
sacrifice in efficiency is required. In contrast, the AC/DC OLEDs presented here allow
independent optimization of both sub-stacks for maximum efficiency and operation of
each cell under optimal conditions. The AC/DC concept was initially demonstrated for
a combination of a blue-emitting unit and a yellow-emitting unit and later extended to
a combination of a green unit and a triplet-harvesting blue/red unit, as well as blue unit
in combination with a green/red-emitting unit. The fabrication and electrical driving
of these devices were simplified by reducing the number of independent electrodes to
two and using an AC voltage for color tuning. It was shown that the emission color of
these devices could be adjusted either by modifying the pulse height or the pulse width
ratio between the positive and negative half-cycle of the AC signal. The influence of
the central electrode on the optical characteristics of the OLEDs was reduced by using
a highly transparent thin-film metal electrode. A combination of deep-blue fluorescent
emitter and yellow phosphor led to an impressive luminous efficacy of 36.8 lm/W at
warm-white color coordinates of (0.44, 0.45) and at brightness levels compatible with
application requirements (1000 cd/m2).
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The low color rendering index CRI of these devices, resulting from missing contri-
butions in the green and deep-red spectral regions, was significantly increased without
sacrificing efficiency by applying an improved device design in which the yellow emitter
is substituted by a green and red phosphor. Based on this concept, the CRI was more
than doubled from 38 for the initial design to a value of 82 for the optimized design.
AC/DC OLEDs present a promising concept for general illumination purposes due
to their great versatility in terms of emitter combinations, the high efficiency and color
rendering index1, as well as their ability to provide real-time tunable emission colors.
RGB full-color vertically stacked OLEDs
The efficient realization of vertically stacking two independently controllable emission
units was a necessary and important step towards an extension to three vertically stacked
OLED units, providing red (R), green (G), and blue (B) emission. Although challenging
in fabrication, the final part of this work demonstrated that stacking of three pin-OLEDs
in an RGB full-color configuration is feasible and despite the complex device architecture,
an impressively high sample yield of 94% was achieved. The device was built in a top-
emission geometry which is highly desirable for display fabrication as the pixel can
be directly deposited onto the back-plane electronics. Furthermore, the device design
requires only three independently addressable electrodes which simplifies fabrication
and electrical driving. The electrical performance of each individual unit was on par
with standard pin single emission unit OLEDs, showing very low leakage currents in the
range of 10−3 mA/cm2 and achieving high current densities of 100 mA/cm2 at moderate
voltages of only 4 V. The latter is an important prerequisite for integration into CMOS
back-plane electronics where low pixel voltages are generally desired.
Despite the top-emission design and the application of three silver layers within the
device, the emission color of each unit was rather independent from the viewing angle and
therefore very well suited for display applications. Each RGB pixel was able to display
every color that can be represented as a superposition of the individual spectra of its sub-
pixels. The resulting color space was compared to the sRGB color space and it was found
that, except for the emission from the red unit which was slightly off the requirement
for the red sRGB primary, the vertically stacked RGB device not only covers the sRGB
color space, but can display more saturated green/greenish-yellow/yellow colors.
Outlook
In capacitively coupled AC-OLEDs, it is expected that electrons and holes, created
during the regenerative half-cycle of the driving signal, are stored in surface states at
the interface between insulating layers and transport layers. By adding thin metal layers
between oxide and organic layer, this interface can probably be improved to allow for
more efficient injection of stored electrons/holes into the adjacent transport layers. The
regenerative tunneling process could be further investigated and verified by temperature-
1 CRIs above 80 are generally considered suitable for solid state lighting.
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dependent measurements, based on the fact that the tunneling current in the Zener
breakdown regime is not affected by a change in temperature.
The AC/DC OLED, as an advanced design based on AC-OLEDs, has proven to be
highly efficient in generating white light with the additional advantage of providing a
tunable emission color. Especially the combination of a blue-emitting and green/red-
emitting unit showed excellent results in terms of efficiency and color rendering. The
current design uses a bottom-emission geometry, however, simulations indicate that
transferring the concept to a top-emitting design would lead to an efficiency gain of
15–20%. In combination with device fabrication on a corrugated substrate, which has
been shown to improve the luminous efficacy of white top-emitting OLEDs by a factor of
1.6–1.7 [103], the luminous efficacy of the high-CRI AC/DC OLED could be increased
to 60–70 lm/W.
The first overall impression of the demonstrated vertical stacking of three individual
OLED units in an RGB full-color configuration was very promising in terms of sample
yield, electrical performance, angular color stability, and sRGB color space coverage.
However, the device design still requires improvements in other aspects, that is efficiency
and color of the red emission. Using the proof-of-principle device presented in this work
as a basis, thorough optical modeling is expected to lead to significantly improved device
efficiency. In fact, first simulations based on optimizing the transport layer thicknesses
of each unit and swapping emitter positions within the device stack have already led
to promising device designs, showing efficiency gain factors of 1.7–1.9 compared to the
initial design.
The only partial coverage of the sRGB color space in the red region has to be addressed
by implementing a deep-red emitter. As each unit operates separately from the others,
replacing one emitter with another is only a minor modification to the device system
and can be easily realized.
Nowadays, conventional side-by-side fabrication allows for pixel densities of more than
500 ppi on a industrial production scale. Using the vertically stacked pixel design instead,
this value could easily be increased to well over 1500 ppi, paving the way for a new
generation of high-resolution displays.
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